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Abstract 
Increased nitrogen applications to crops influence plant - insect interactions and 
potentially increase insect herbivore population growth. The effect of nitrogen applications 
on the interactions between a wheat host plant, Triticum aestivum, and its herbivores, 
Sitobion avenae (Fabricius, 1775) and Rhopalosiphum padi (Linnaeus, 1758) was 
investigated. Adult body weight, fecundity, maturity rate and longevity of the aphids were 
measured under different nitrogen applications on four wheat varieties, Solstice, Einstein, 
Deben and Alchemy. Adult body weight of R. padi on Alchemy and of S. avenae on Deben 
was lowest. Fecundity of R. padi was least on Deben and Alchemy while fecundity of S. 
avenae was least on Alchemy. Days to reach maturity were same on all varieties in S. avenae 
but in R. padi, Deben positively affected the days to reach maturity. Longevity of S. avenae 
and R. padi was the same on all varieties. N-fertilizer had a positive effect on the adult weight 
achieved by S. avenae and R. padi. Fecundity and longevity of both species was also 
positively correlated with N-fertilizer application. In R. padi, nitrogen fertilizer addition 
reduced the time to reach maturity but not in S. avenae.  
Host plant nutritional quality can effectively change parasitoid fitness. The aphid-
parasitoid relationship provides an ideal system to investigate tritrophic interactions and 
assess the bottom up forces operating at different concentrations of nitrogen applications. The 
effect of varying nitrogen fertilizer applied to the wheat plants used for rearing of S. avenae 
and R. padi on the performance of Aphidius colemani and Aphidius rhopalosiphi was 
measured. Percent parasitism and percent emergence were positively correlated with the 
nitrogen fertilizer treatments. Developmental duration (time taken for egg hatching, larval 
and pupal stages) was shorter at higher fertilizer levels but the effect was not significant in 
either species. In males and females of both parasitoid species, adult longevity, however, 
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increased with the increase of fertilizer. Adult life span of males was significantly affected by 
the addition of fertilizer, while female lifespan was not affected. Size of both parasitoid 
species was significantly correlated with the nitrogen fertilizer treatments. Female A. 
rhopalosiphi were longest at the highest nitrogen fertilizer treatment. 
Nitrogen fertilizer significantly affected the number of aphids consumed by H. 
axyrids. More Rhopalosiphum padi (63.07±1.54) and Sitobion avenae (49.10± 0.94) were 
consumed by adult Harmonia axyridis at the lowest level of fertilizer treatment. Aphids were 
bigger at higher fertilized plants which ultimately resulted in the fewer aphids being 
consumed but total bio-mass consumed by H. axyridis on all nitrogen fertilizer treatments 
were statistically same. Logistic regression analysis of the proportion of prey consumed 
demonstrated that all developmental stages of H. axyridis exhibited the II type functional 
response on all nitrogen fertilizer treatments. The rate of successful search (a‟) of 3rd, 4th 
instars and adults were (0.042/hour) the same across all fertilizer treatments suggesting that 
nitrogen fertilization did not affect a‟. Maximum handling time for the 1st instars of H. 
axyridis on R. padi (3.81/h) and S. avenae (4.59/h) was on the highest nitrogen treatment 
while minimum handling time was for the adults of H. axyridis on R. padi (0.20/h) and S. 
avenae (0.20/h) on the lowest nitrogen treatment. Handling time varied at varying fertilizer 
treatments within all instars and affetced the predator‟s efficiency. The functional response 
curve, rate of successful search and handling time provides the information needed to 
understand the predator–prey interaction between, H. axyridis and these cereals aphids. This 
could lead to the development of a better strategy for the biological control of R. padi and S. 
avenae at any particular level of nitrogen fertilizer regime in the field crops. 
The functional responses of all instars of green lacewing, Chrysoperla carnae 
(Neuroptera: Chrysopidae) to the cereal aphids, R. padi and S. avenae at varying fertilizer 
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levels was calculated under laboratory conditions. Logistic regression model analysis 
revealed that all instars showed decelerating curve type II response. The Holling disc 
equation was used to analyse attack rate (a) and handling time (Th). Different values of Th at 
varying fertilizer levels within the same instar showed that the predator‟s efficiency against 
the prey was affected by host plant nutritional quality. At varying fertilizer treatments, prey 
densities of 1, 2, 4, 8, 16, 32, 64 and 128 were offered to 1
st
 and 2
nd
 instars and an additional 
treatment of prey density of 256 for the 3
rd
 instar larvae. Maximum predation of first, second 
and third instars larvae of C. carnea was 8±1.6, 32±6.4, & 72±5.2 for R. padi and 7±0.8, 
31±4.2 & 61±4.4 for S. avenae respectively, on the lowest fertilizer application. Within the 
same instar fewer aphids were consumed as the level of fertilizer application increased. The 
number of aphids consumed by the green lacewing, its larval duration, pupal weight, pupal 
duration, fecundity and male and female longevity were significantly affected by the level of 
Nitrogen fertilisation to the aphid host plants, except for pupal duration when fed on S. 
avenae. This study showed that quality of food supplied to the larvae affects the growth and 
performance of adult green lacewing. 
Proportion of both aphid species killed in the experiment was increased by increasing 
the Mycotal
® 
(Verticillium lecanii) concentration. Nitrogen fertilizer application did not 
significantly affect the LC50 against the aphids reared at lower and higher nitrogen 
application. Verticillium lecanii infected aphids (both in S. avenae and R. padi) were less 
parasitized by Aphidius colemani, when aphids were first treated with V. lecanii and then 
exposed to A. colemani but the the effect of Mycotal
® 
application was not significant in either 
specie. However, the emergence of adults from parasitized mummies was, however, 
significantly lower in infected aphids than uninfected aphids when the aphids were first 
exposed to the parasitoids and then treated with fungi. Female sex ratio in the emerging 
adults was significantly decreased in V. lecanii treated aphids in both species. When aphids 
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were first treated with V. lecanii 72 hours before predation, fewer aphids in both speices were 
consumed by H. axyridis. 
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Chapter 1 
Introduction 
1.1 Multitrophic interactions  
1.1.1 Trophic levels  
In the initial stages of crop domestication, plants were still subjected to many of the 
same natural selection factors as their wild ancestors. Environmental heterogeneity and 
irregularity were characteristic of these early agricultural systems. Over time, agriculture 
evolved to overcome production risks associated with environmental variability by 
developing mechanical, genetic and chemical means to reduce variability and improve crop 
performance. Entomologists have always been concerned with insect plant relationships, 
especially in the relationships involving crop plants. The conventional way of looking at such 
interactions was from a bitrophic viewpoint which means, concentration only on the plant and 
herbivorous insects in the food web. The importance of considering the third trophic level 
(natural enemies) was highlighted thirty years ago in an important review (Price et al., 1980) 
which explains the theories on insect-plant interactions and suggests that insect – plant 
interactions cannot be properly understood, without considering the third trophic level. The 
third trophic level must be considered as part of a plant‟s defence system.  Tritrophic 
interactions currently dominate the multitrophic approach but it is logical to assume that the 
fourth trophic level can be a very important factor influencing the system. The fourth trophic 
level considers the fact that many predators and parasitoids possess their own natural enemies 
(Poppy, 1997).  
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1.1.2 Above and below ground inter-relationships  
Awareness of the interrelationships between below and above ground systems is 
increasing but in terrestrial communities, below and above ground processes have usually 
been investigated separately from each other (Wardle et al., 2004). Terrestrial ecosystems are 
complex structures and exhibit variation in organism types, their sizes, trophic groups and 
type of interactions in which the organisms are involved. Recently, the importance of indirect 
interactions, and more specifically of trait-mediated indirect interactions, as determinants of 
the structure of ecological communities has been highlighted. These involve effects 
transmitted from one species to another through one or more intermediate species, involving 
changes in the phenotype of the interacting species (Ogushi, 2005). In terrestrial ecosystems, 
plants act as a channel between above and below ground levels, allowing above-ground 
herbivores to affect below-ground herbivores indirectly and vice versa (Kaplan et al., 2008). 
Therefore, the importance of indirect plant-mediated interactions between these organism 
groups is very important. The interaction mechanisms between plants and herbivores are 
diverse and the involvement of plant chemical defence systems play a vital role (Kaplan et 
al., 2008). Host plant acceptance and detoxification ability can affect both generalist and 
specialist herbivores by influencing the quality and quantity of metabolites in plants. 
 
1.1.3 Tritrophic interaction of microbes  
Tritrophic interactions of crop plants not only involve herbivores and their predators, 
but also other organisms such as ants or mycorrhizal species which can have an important 
role in shaping the structure of ecological communities (Ogushi, 2005). Decomposers are also 
important members in most food webs, interacting with plants and potentially affecting other 
organisms with in the community (Poveda et al., 2005). The role of decomposers in the 
modification of these types of systems has not been considered before but now their 
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importance is being recognised (Poveda et al., 2005, Wolfe et al., 2005). The activity of 
decomposers favours plants in many ways e.g. by nutrient reprocessing, enhance microbial 
yield and the decomposition of organic matter, (Bardgett et al., 2005). Literature which 
explains their effects on other members of the community is however, in short supply (Blouin 
et al., 2005). 
 
1.1.4 Plant defence mechanism and tritrophic interactions 
Parasitoids by using herbivores as hosts and predators by consuming them, provide an 
additional plant defence pattern (Price et al., 1980). Parasitism or predation by natural 
enemies are not essentially well-matched means of plant defence because sometimes, plant 
resistant traits may directly or indirectly inhibit natural enemies (Campbell and Duffey, 1979, 
Kennedy, 2003). For example, waxes or hairs on leaf surfaces can reduce the searching 
efficiency of natural enemies by decreasing their ability to grip the plant (Eigenbrode and 
Espelie, 1995) and plant allelochemicals consumed by herbivores may reduce their quality as 
hosts or prey (Turlings and Benrey, 1998). This type of antipathic relationship between host 
plant resistance traits and natural enemies is particularly important in agriculture because 
resistance bred into crop plants may prevent biological control (Cortesero et al., 2000).  
 
1.2 Fertilizer and multitrophic interactions  
1.2.1 Use of Nitrogen in different farming systems 
Low nitrogen inputs and organic farming systems often limit the pool of mineral 
nitrogen and place a greater reliance on organic sources and internal cycling of nitrogen. 
Many agricultural projects are conducted in environments where inputs such as nitrogen 
fertilizers are highly regulated to ensure an enhanced nutritional quality of crop plants. Crop 
plant traits related to nitrogen use efficiency in an evolutionary context may be more 
18 
 
important for low input and organic systems than in conventional systems. The most pressing 
goal of improving agricultural nitrogen use efficiency is to improve the recovery of nitrogen 
from fertilizer, either organic or synthetic. Globally, only a third of the nitrogen in fertilizer 
applied to cereal crops is harvested in the grain (Raun and Johnson, 1999). Organic systems 
differ from conventional systems in many ways, including the use of biological mechanisms 
of fertility and pest control and the inclusion of diverse rotations to balance soil nutrient 
cycling. Green manures and cover crops provide and retain nitrogen for the next rotation 
crops in organic systems. In conventional systems, wheat yields are often higher following 
legumes than following another cereal (Weston et al., 2002) and the nitrogen uptake of a 
wheat crop is greater following legumes than that of wheat following wheat or fallow (Soon 
et al., 2001). Grain protein content and concentration of cereals is also greater when 
following a legume crop than cereal crops (Strong et al., 1986). Crop rotations improve the 
nitrogen dynamics of agricultural systems. Huggins and Pan  (1991) explained the reasons of 
increase in wheat yields after Austrian winter pea, due to the peas supplying greater nitrogen 
for plant uptake or increasing the nitrogen uptake efficiency of the wheat crop. Crop rotation 
is also important because it can also reduce the incidence of soil borne cereal diseases. 
Controlling diseases leads to more vigorous plants, which may increase nitrogen uptake 
efficiencies because of healthier roots and greater density of root hairs (Cook et al., 1987). 
Animal manures are an important source of nitrogen in many integrated organic and low-
input farming systems. Fresh manure has lower carbon:nitrogen ratios than composted 
manure, but its storage and transport is more difficult if it is not from farm livestock. The 
storage conditions, transport and application process of the nitrogen containing manures is 
very important in agricultural farming because there is evidence that at least 50% of manure 
nitrogen is lost in storage and transport and another 25% is lost after application (Bouldin et 
al., 1984). Composted manures cause nitrogen to be held in more stable forms and are easier 
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to store and transport, but because of the increased stability composting causes a significant 
decrease in short term nitrogen availability. One of the primary differences between organic 
and conventional nitrogen fertilizers is the release rate of inorganic nitrogen compounds. 
Slow release of nitrogen to the crops is important because it provides a constant supply of 
nitrogen to the crop plants. An incubation study by Tyson and Cabrera, (1993) with 
composted poultry manure showed a gradual release of inorganic nitrogen of the total 
nitrogen over nearly two months compared with un-composted poultry manure. Despite 
slower nitrogen availability, composted manures have other benefits such as increasing soil 
pH to improve soil acidification from synthetic fertilizers that release inorganic nitrogen as 
ammonia (Tyson and Cabrera, 1993). Rather than an immediate source of plant-available 
nutrients, composted manure has a longer-term role in building soil organic matter and 
stimulating microbial activity (Watson et al., 2002). The ability of plants to uptake organic 
molecules containing nitrogen such as amino acids has been explained by Ponder et al. 
(2000), but is not yet well understood. Genotypic differences exist in wheat cultivars for the 
capacity to take up amino acids, and this may affect their performance in organic systems 
(Cole, 1997). Despite this capacity, the majority of plant nitrogen uptake is likely to be 
inorganic nitrogen, so mineralization rates and timing of nitrogen availability from organic 
fertilizers is critical to understanding the nitrogen use efficiency of cereals grown under 
organic management practices. Standard inorganic soil nitrogen tests are less useful for 
evaluating nitrogen availability in farming systems that rely on nitrogen derived from organic 
amendments (Watson et al., 2002). Organic systems usually do not have high levels of 
mineral nitrogen in the pool of soil nutrients (Power et al., 1984) but often have greater 
mineralization potential due to higher levels of soil organic matter (Stockdale et al., 2002).  
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1.2.2 Effects of nitrogen on herbivores 
Fecundity, population density and the relative growth rate of aphids and their 
subsequent control measures are affected by plant cultivar, type and amount of fertilizer 
application and plant growth stage (Mohamad and Van Emden, 1989, Cole, 1997). 
Herbivorous insects can distinguish between plants receiving different nitrogen applications 
and prefer crop plants with higher nitrogen over lower nitrogen fertilisation for feeding and 
oviposition, respectively (Chen et al., 2008). Larvae and females of the beet armyworm, 
Spodoptera exigua (Lepidoptera: Noctuidae), preferred cotton plants with higher nitrogen 
over lower nitrogen fertilisation for feeding and oviposition, respectively (Chen and 
Ruberson, 2008). Among the fertilizers, nitrogen is the most commonly applied nutrient in 
crop production (Fenn et al., 2003). The disproportion of nitrogen concentrations between 
plant and herbivore suggests that nitrogen is a key factor influencing plant herbivore 
interactions and a prevents the insect herbivore development feeding on the plant (Mattson, 
1980). Synthetic nitrogeneous fertilizers were also found to be responsible for a significant 
increase in insect populations in Indian rice fields (Victor and Reuben, 2000). Nitrogen may 
influence behavioural characteristics of herbivores by affecting semiochemicals and 
nutritional values of plants (Bentz et al., 1995a). In host-plants the nitrogen content is 
generally considered as an indicator of food quality and a factor affecting host selection by 
herbivores (Mattson, 1980) for example, more Bemisia argentifolii females were found on 
young and fully expanded mature leaves than on non-senescence old leaves, which is 
correlated with the high nitrogen content of those leaf types (Bentz et al., 1995b). Similar 
results were found in sweet potato whitefly, Bemisia tabaci on poinsettia and the greenhouse 
whitefly Traleurodes vaporariorun on chrysanthemum (Bentz et al., 1995a). Concentrations 
of Cd and Zn metals in the grain aphid (Sitobion avenae (F.)) have been reported at levels 
over eight times higher than in the ears on which they were feeding (Merrington et al., 1997).  
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Low crop biomass and potential yield loss resulted by low nitrogen inputs can be 
compensated for, if crops of low nitrogen suffer lower damage from pests. Lower nitrogen 
application to crop plants may result in several outcomes:  
(1) Reduced damage on low nitrogen plants as pests prefer high quality plants 
(2) Predators will consume more pest herbivores and ultimately, higher pest mortality by 
predators.  
(3) Plant characters, such as defensive mechanism may change, and thus may influence 
herbivorous population.  
 
1.2.3 Nutrient recycling by decomposers 
The majority of soil organisms obtain their energy from the decomposition of soil 
organic matter. Beneficial effects caused by mycorrhiza or detrimental effects caused by root 
herbivores describe the effects of soil organisms on plants and the aboveground system 
(Bardgett and Chan, 1999). Decomposers are important as they are responsible for nutrient 
recycling and therefore, the aboveground food web strongly depends on the activity of the 
belowground community. 
 
1.2.4 Nitrogen affects plant defences  
Plant nutritional quality and plant defences that directly act on herbivores are altered 
by Nitrogen fertilisation (Sauge et al., 2010). A focus on either prey nutritional quality or 
defensive quality ignores a key knowledge gap in understanding the factors influencing 
predator–prey interactions. Increased nitrogen input to  crop plants not only increases costs of 
crop production but can also be environmentally disruptive and affect pest responses to the 
plant (Aber et al., 2003). Nitrogen fertilisation alters the plant nutritional quality and plant 
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defences that directly act on herbivores because herbivorous insects can distinguish between 
plants receiving different nitrogen applications (Chen et al., 2004, Prudic et al., 2005). The 
appearance of direct plant defensive traits, such as digestibility reducers and toxins, can be 
dependent on soil nitrogen availability in plants because increased nitrogen reduces the total 
concentration of the carbon based iridoid glycoside of Plantago lanceolata (Darrow and 
Bowers, 1999, Prudic et al., 2005) and the total phenolic contents in tomato plants 
Lycopersicon esculentum (Stout et al., 1998), both of which provide defence against 
herbivorous insect pests. 
 
1.2.5 Influence of nitrogen on predator-prey interactions 
Nitrogen limitation may also influence predator prey interactions (Denno and Fagan, 
2003). It has been recently shown that there is an inequity in nitrogen concentrations between 
herbivorous and predatory insects (Fagan et al., 2002). If nitrogen limitation does influence 
predator–prey interactions, the nutritional quality of host plants may significantly alter 
predator consumption by reorganizing the nitrogen imbalance between predator and prey. 
Recent studies examining the relationship between host plant quality and predator–prey 
interactions have focused on one of the two components: prey nutritional or prey defensive 
quality (Chen et al., 2005, Kagata and Ohgushi, 2007, Cha et al., 2009). Very little is known 
about how changes in host-plant quality may influence predator–prey interactions when 
herbivores utilize both plant primary and secondary compounds as resources. 
 
1.2.6 Cost of nitrogen application 
Sustainable agriculture involves both economic and environmental sustainability. 
Higher nitrogen inputs to the crop plants, to obtain greater yield and profitability is an 
important issue in agricultural production. Fertilizer applications to crop plants to increase 
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yield involves huge economic and environmental costs (Throop, 2005). Currently, nitrogen 
fertilizer is synthesized mainly through the Haber–Bosch process which requires natural gas 
in its production (Vance, 2001). The cost of different nitrogen fertilizers will increase as 
natural gas becomes less available. In addition, transporting and applying such fertilizers 
requires fuel energy and labour. Agricultural growers want to minimize costs associated with 
nitrogen fertilizers as well as potential adverse impacts on water, air and soil quality. 
Nitrogen input for crops not only adds costs to crop production but can be environmentally 
disruptive and affect herbivorous responses to the plant. Based on the feasible effects of 
nitrogen on crop-herbivorous insect interactions, higher nitrogen input may not result in 
higher profitability, because although, the increased nitrogen supply increases the plant 
biomass which may be offset by increased biomass consumption of a larger insect pest 
population. Conversely, the lower nitrogen supply results in negative effects on plant biomass 
that might be compensated by increased direct and indirect defences of plants (Sauge et al., 
2010). Cost of production in agricultural crops can be reduced by reducing applications of 
fertilizer, especially nitrogen, however, low nitrogen accessibility to crop plants can lead to 
low crop biomass, which in turn may result in reduced yield (Chen et al., 2008).  
 
1.3 Aphids 
Aphids are ideal for studying many of the topical issues in ecology, including host-
plant alternation, insect-plant interactions, population dynamics and predator functional 
response.  Aphids are small (1.5mm to 3.1mm) soft-bodied insects that obtain their nutrition 
by removing sap from plants (Dinant et al., 2010). They have two cornicles that protrude 
from the upper surface of the abdomen near the tail. These siphunculi vary in length and may 
be reduced to mere bumps in some species (e.g., Russian wheat aphid). The function of the 
cornicles is to distribute cornicle droplets containing alarm pheromone, so that other 
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members of the colony are provided with advanced warning of a threat, even if not near 
predator (Mondor et al., 2002). 
 
1.3.1 Aphid reproduction 
The primary means of reproduction for the aphid species is asexual (parthenogenesis), 
with eggs hatching inside the female aphid and the female giving birth to living young. A 
female may mature in 5-10 days and the average length of life of an adult is about one month 
(Little, 1972). Cyclic parthenogenic insects, such as aphids, may also develop host-associated 
lineages faster than sexually reproducing insects because favourable mutations can become 
fixed more quickly when sex is limited (Dickey and Medina, 2010). Aphids can produce 
three to six fully formed young per day for several weeks (Johnson and Lyon, 1988). This 
results in a shortening of generation time, overlapping generations, increased reproductive 
potential and ultimately rapid aphid population build up (Blackman and Eastop, 1984). Both 
winged and wingless aphids may be present in the field. Winged forms are produced when 
the quality of the host plant declines, such as at maturity and other factors including 
temperature, photoperiod or seasonality, and population density also may be involved 
(Wratten, 1977). 
 
1.3.2 Alternate hosts and natural enemies 
In autumn, migration of cereal aphids and their subsequent settlement on cereal crops 
is of particular importance for the spread of harmful viral diseases (Leather and Walters, 
1984, Geissler et al., 1995). In spring, the immigration of S. avenae, Rhopalosiphum  padi 
(L.) and Metopolophium dirhodum (Walk.) is of particular importance for cereal aphid 
outbreaks, which can result in substantial yield losses (Gosselke et al., 2001). Alternate host 
plants also provide the resources necessary for improving effectiveness of natural enemies in 
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arable fields listed by Powell et al. (1986b): (1) the presence of alternative aphid hosts at 
times, when aphids in crop plants are scarce; (2) flowering weeds and leguminous crop plants 
offering pollen and nectar for adult parasitoids during most of the growing season; and (3) 
undisturbed soil and plant cover in winter, offer the opportunity for the pupae of many 
predators aphid mummies without being exposed to tillage.  
 
1.3.3 Aphid feeding  
During feeding, aphids inject salivary secretions into plant tissues which are toxic and 
can cause severe tissue damage in the plant as leaf stippling, discoloration or striping, wilting, 
premature browning and death of the plants may result (Gair et al., 1983). Extended periods 
of weather promoting aphid development can lead to intensive virus spread and severe plant 
damage (Geissler et al., 1995). Yield loss due to aphid attack is caused both directly, through 
a reduction in the flow of carbohydrates and nitrogen to the developing grain, and indirectly, 
by reduced photosynthesis, due to excreted honeydew and the subsequent growth of 
saprophytic moulds covering the green tissues (Rossing, 1991). Aphid attack on the plant can 
cause a reduction in grain size, number and quality (Lee et al., 1981). 
 
1.3.4 Economic losses by aphids 
The economic injury level is defined as the lowest number of insects that causes 
economic damage. Economic damage begins to occur when money required for suppressing 
insect injury is equal to the potential monetary loss from a pest population (Pedigo et al., 
1986). The economic threshold indicates the number of insects that should trigger 
management action (Pedigo et al., 1986). If a pest population is growing as the season 
progresses, growth rates are predicted and the economic threshold is set below the economic 
injury level. Once the population reaches the economic threshold, there is a high risk that it 
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will grow to exceed the economic injury level (Pedigo et al., 1986). The economic injury 
level concept is the basis for decisions in most integrated pest management programmes. 
Economic injury levels help maintain environmental quality by reducing unnecessary use of 
pesticides (Higley and Pedigo, 1993). Economic thresholds are in use but have hitherto been 
unreliable because of the low correlation between aphid abundance and loss of yield 
(Rabbinge and Mantel, 1981). For example Oakley and Walters, (1994) found a poor 
correlation between aphid numbers and crop yield response to sprays. When optimal 
conditions for population growth prevail, they occasionally cause substantial yield losses 
(Freier et al., 2007).   
 
1.3.5 Cereal aphids 
Cereal aphids (Hemiptera: Aphididae) are the most important pests in winter wheat 
and winter barley in Central Europe (Carter et al., 1980, Basedow et al., 1994). Wheat is the 
crop most affected but barley and oats are also attacked by cereal aphids. Apart from the 
direct effects of the aphids, earlier senescence of the flag leaf has also been observed and in 
particular the effect of honeydew on ageing of the flag leaf (Wratten, 1975, Rabbinge et al., 
1981). The typical population development consists of increase in cereal aphids slowly, then 
population build-up and then slow down after rapid multiplication (Vereijken, 1979). 
The English grain aphid (Sitobion avenae F.) is bright green, larger than other cereal 
aphids, and has long black legs, antennae and cornicles. It can be found feeding on most 
small grains, corn and several grasses. The damage done by S. avenae is both direct through 
feeding damage and indirect through the effects of honeydew in combination with fungi, 
which reduce the rate of photosynthesis and the available leaf green area. This effect of 
honeydew probably results in greater damage by aphids in high yielding wheat (Mantel et al., 
1982). Sitobion avenae colonise on cereals in May and June, multiply in June and may 
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become sufficiently numerous to cause direct feeding damage in the end of June and in July 
(Larsson, 2005). 
Bird-Cherry oat aphids (Rhopalosiphum padi L.) are olive green with a reddish-
orange area at the base of the cornicles. The tips of its legs, cornicles and antennae are black. 
The winged form of this aphid is also darker than the wingless form. This aphid can drop to 
the soil and crawl to other plants and several grasses, including wheat and certain wild grass 
species. Colonies are often found on the underside of leaves or on leaf sheaths and heads. It is 
present on wheat in the spring (April-June) and in the autumn. Its status as a pest is uncertain, 
but it seldom causes serious problems in the UK (Leather et al., 1989). 
 
1.4 Natural enemies of aphids 
Aphid populations are most often controlled by the use of synthetic insecticides when 
they attack annual crops. In greenhouse crops, alternative techniques to control aphids such 
as the use of resistant crop varieties, barriers, and introduced biological control agents can be 
very effective (Zehnder et al., 2007). In field crops such as cereals however, to reduce 
reliance on synthetic insecticides, more emphasis on naturally occurring aphid enemies (like 
predators, parasitoids, entomopathogenic fungi) is necessary.  
 
1.4.1 Plant quality and natural enemies 
Nitrogen deficiency in some plant species has been shown to increase the release of 
herbivore-induced plant volatiles (Van Wassenhove et al., 1990). Many predators and 
parasitoids use these signals to locate hosts/prey (Dicke et al., 1990, Cortesero et al., 1997). 
Variation in plant quality influences multitrophic interactions, affecting the performance of 
both herbivores (Mattson, 1980) and predators and parasitoids (Price et al., 1980, Hunter, 
2003). Improved host-plant nutritional quality increases herbivore growth and fecundity 
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(Awmack and Leather, 2002) and can also enhance predator and parasitoid performance 
(Mayntz and Toft, 2001, Kagata et al., 2005) and density. Parasitoids may cause lower 
herbivore mortality under reduced nitrogen conditions (Fox et al., 1990, Bentz et al., 1996). 
Parasitoids – particularly idiobiont parasitoids, which limit their host‟s development 
following parasitisation – generally have a higher requirement for healthy hosts than 
predators (Williams, 1999), and hosts feeding on lower nitrogen plants tend to exhibit signs 
of stress (Lindroth et al., 1995), parasitoids may be favoured to choose high-quality hosts 
developing on higher nitrogen plants than low-quality hosts developing on lower nitrogen 
plants. Nutritionally healthy plants can better influence the foraging efficiency of biological 
control agents through semiochemically, chemically and physically mediated effects (Price et 
al., 1980). 
 
1.4.2 Predators & their dependence on prey density (Functional response) 
To understand and predict the consumption rate of a predator and its dependence on 
prey density is a fundamental objective in ecology. An earlier generation (Solomon, 1949, 
Holling, 1965) set the stage for much of the research, by defining the basic functional 
response of a predators as the number of individuals of the prey attacked by an individual 
predator as a function of prey density. Handling time and the attack rate are the factors which 
affect the density - dependent predation rates (Bystrom and Andersson, 2005). It was well 
recognized that in natural settings this response would depend on many factors, often 
including generalist predators and the availability of alternate prey. Herbivores may interact 
indirectly by occurring together as potential prey for a single predator foraging within a local 
habitat. Such indirect interactions are likely to vary considerably depending on characteristics 
of the interacting herbivores as matched against prey preference and selection of different 
predators (Bilde and Toft, 1994). With such variability in mind, a number of researchers have 
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recently carefully quantified how the feeding behaviour and rate of consumption of particular 
prey species by an individual predator may depend on the population of herbivores. Predators 
can be effective pest control agents as suggested by both biocontrol theory and practice 
(Symondson et al., 2002). They can decrease pest populations, thereby reducing plant damage 
and increasing plant yield (Ostman et al., 2003). Therefore, developing management 
strategies enhancing biocontrol effects of predators can be profitable for farmers. In agro- 
ecosystems generalist predators deal with a wide range of potential prey species alongside the 
pest species. To better understand the processes that shape such interactions, it is necessary to 
analyse generalist predators in a multitrophic and multispecies context. In annual crop 
systems, predators have the potential to suppress populations of invading pests before the 
pests reach high population levels (Symondson et al., 2002). Aphid damage can be reduced 
by biological control techniques using the large number of natural enemies that prey on 
aphids (Ostman et al., 2003). Aphidophagous species are  an important tool to control aphid 
densities, their protection and expansion within cropland can help suppress aphid outbreaks 
(Van Emden and Harrington, 2007). Generalist natural enemies that utilize a range of prey 
and so can exist year round may be more important for aphid control particularly early in the 
season (Symondson et al., 2002, Murdoch et al., 2006). 
 
1.4.3 Alternate prey for predators 
Predators may substitute or switch prey species as their relative abundances change; 
thus alternative prey (prey other than the target species) can distract generalist predators from 
feeding on the pest, i.e. disturbing bio-control (van Baalen et al., 2001). Alternative prey is 
also likely to contribute to maintaining generalist predator numbers at times when the pest is 
scarce, thereby enabling the predators to feed instantly on arriving pests (Symondson et al., 
2002). The presence of decomposer in agricultural ecological system provide an alternate 
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food source for predators to build up predator populations (Scheu, 2001). Management 
strategies enhancing detritivores have been shown to increase generalist predator numbers 
and are suggested to increase biocontrol effects (Halaj and Wise, 2002). The presence of 
alternate prey is very important in crop systems because cereal aphids are not always 
preferred by the predators. For example, springtail species proved to be of high food quality 
for generalist predators (Bilde et al., 2000) whereas cereal aphids have been shown to be of 
low food quality (Bilde and Toft, 1994) and this possibly interferes with biological control.  
 
1.4.4 Parasitoids 
Parasitoids have been used as successful biological control agents for many years. 
Enhanced parasitism in crop pests results in parasitoids dispersal from these habitats to the 
crop and switch to the target pest (Powell and Wright, 1988). Plants can affect the impact of 
parasitoids on herbivore populations directly, by providing the parasitoids with food and 
shelter or by influencing their searching processes or indirectly, by affecting host suitability. 
Presence of parasitoids in or around the field crops is more important because their presence 
can control aphid population before it becomes a pest. There are few successful examples of 
the control of aphids in annual crops by successful invasion of specialist parasitoid 
populations from some other habitat in early growing season (Murdoch et al., 2006). This 
process is, however, slow but does not allow aphids to build up and keeps the aphid 
population disturbed. Schmidt et al. (2003) found that parasitoids were more important than 
generalist predators for the control of aphids in wheat fields in Germany. Furthermore, 
Langer et al. (1997) showed that parasitoids that are active early in the year are important to 
avoid high aphid densities.  
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1.4.5 Entomopathogenic fungi 
Entomopathogenic fungi have great ability to control insect pests in the field and 
under greenhouse conditions (Sunderland et al., 1992, Butt et al., 1999) and can replace the 
synthetic pesticides in agricultural and forest systems which are environmentally damaging 
(Ahmed and Leather, 1994, Inglis et al., 2001). Aphids can be controlled by viruses, bacteria, 
or protozoa applications on plant surfaces but the possibility that aphids will ingest them is 
low because aphids feed on phloem sap (not on the leaf surface) via extremely fine maxillary 
stylets that penetrate phloem sieve tubes (Dixon, 1973). Fungi are environmentally friendly 
and successful microbial pathogens of aphids because they can infect aphids through the 
integument (Steinkraus, 2006) so the fungi species are to be encouraged to co-exist as part of 
conservation biological control programmes. In this situation, their effect on the population 
density of pests and their natural enemies and the upshot of intraguild interactions needs to be 
measured. The use of a mycopesticide may have a commercial advantage with a wider host 
range and no influence on natural enemies (Kim et al., 2007). 
 
1.5 Intraguild interactions 
Intraguild predation occurs in many insect communities and has been defined as „the 
killing and eating of species that use similar resources and thus are potential competitors‟ 
(Polis and Holt, 1992). Intraguild predation (IGP) is mainly two types: asymmetric and 
symmetric. In asymmetric IGP, one dominant species is always the predator of the other, 
while in symmetric intraguild predation occurs when there is mutual predation between both 
species (Lucas, 2005). Along with beneficial impacts as a biological control agent, Harmonia 
axyridis (Pallas) (Coleoptera: Coccinellidae) may always threaten other beneficial organisms 
in the community. For example, densities of native predators seem to have decreased as the 
abundance of H. axyridis increased (Alyokhin and Sewell, 2004), which may be partly due to 
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intraguild predation (Yasuda et al., 2004). In addition, H. axyridis can be a pest of fruit 
production in the absence of prey in the fields (Koch, 2003), particularly during wine 
production (Galvan et al., 2006). Complex relationships might also occur between 
entomopathogens and other natural enemies that utilize an herbivore (Labbe et al., 2009). 
Such intraguild interactions are widespread within communities of biological control agents 
and are likely to have an adverse effect on the efficacy of biological control programmes 
(Rosenheim et al., 1995). Interactions between fungi, parasitoids and predators are mostly 
asymmetric, but in favour of the entomopathogens (Brodeur and Rosenheim, 2000). An 
entomopathogen may be more effectively transmitted to the target pest in the presence of a 
parasitoid or predator (Roy and Pell, 2000). 
 
1.6 Aims & Objectives 
Aims: 
The aims of the research work were to get a comprehensive understanding of the 
effects of varying nitrogen fertilizer levels on cereal aphids and their natural enemies and to 
consider this tritrophic interaction in developing better crop management strategies that 
perform the best in natural environmental conditions returning better yield.  
Objectives: 
1) Determine effects of varying nitrogen fertilizer levels on plant – insect interactions and on 
herbivore population dynamics by measuring the effect of nitrogen levels on fecundity, adult 
body weight, number of days to mature and longevity of two aphid species, Sitobion avenae 
and Rhopalosiphum padi.  
2) Determine the type of functional response of Harmonia axyridis and Chrysoperla carnea 
feeding on the cereal aphids at varying nitrogen fertilizer levels, to estimate and compare the 
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parameters of the functional response of the predators on the cereal aphids. Determine the 
effect of aphid density on the number of aphids killed by all the growth stages of the both 
predators at various nitrogen fertilizer inputs. Predator‟s attack rate (a‟) and handling time 
(Th) feeding on the cereal aphids, R. padi and S. avenae will be calculated at varying nitrogen 
fertilizer treatments. Information on attack rate and handling time will provide insights into 
the predator–prey interaction, which could lead to the development of a better strategy for the 
biological control of R. padi and S. avenae using proper growth stage of predators.  
3) Measure the performance of two cereal aphid parasitoids (Aphidius colemani and Aphidius 
rhopalosiphi) on different soil nitrogen fertility regimes. To determine the effects of varying 
fertilizer inputs on the parasitoid fitness (% parasitism, % emergence, developmental duration 
and hind tibia length) and female sex ratio.   
4) To determine LC50 of entomopathogenic fungi (Verticillium lecanii) against cereal aphids 
at two nitrogen applications and compare predation rates of H. axyrids larvae and adults 
feeding on uninfected versus fungus infected cereal aphids and also to measure the 
parasitism, emergence and female sex ratio of A. colemani on V. lecannii infected and 
uninfected cereal aphids. 
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Chapter 2 
Effect of nitrogen fertilizer on the growth and survival of 
Rhopalosiphum padi (L.) and Sitobion avenae (F.) (Homoptera: 
Aphididae) on different wheat cultivars 
2.1 Introduction 
 In summer, aphid populations on wheat can reach damaging levels, particularly in 
temperate regions of the world (Carter et al., 1980, Leather et al., 1989). Cereal aphids may 
be severe but sporadic pests of winter wheat in Western Europe (Oakley et al., 1988). Heavy 
aphid infestation in earlier growth stages can kill the young wheat plants, but normally, aphid 
feeding results in poor root growth and ultimately reduction in tiller number and grain yield 
(Russell, 1978). Cereal aphids are involved in transmission of many viruses (Irwin and 
Thresh, 1990) but specifically R. padi and S. avenae have been found to be vectors of Barley 
Yellow Dwarf Virus (BYDV) (Plumb, 1986). 
 The Grain aphid (Sitobion avenae (F.)), an important pest of cereals worldwide 
(Vickerman, 1977, Carter et al., 1989), is predominantly an ear feeder (Wratten, 1975, Watt, 
1979) and is considered to be the most harmful species in England during spring, especially 
after mild winter conditions (Dewar and Carter, 1984).  
 The Bird cherry-oat aphid (Rhopalosiphum padi (L.)) is one of the most important 
pests in cereal fields but the infestation of R. padi in cereal fields varies greatly between years 
35 
 
(Leather et al., 1989). The greatest reduction in yield caused by feeding of R. padi is during 
the seedling (2-leaf) stage, with mean densities of 10-20 aphids/plant, causing up to 40-60% 
reduction in grain yield (Papp and Mesterhazy, 1993), while under heavy infestation, grain 
weights can be reduced by as much as 80% of normal yield (Hein, 1992). Aphid feeding 
obstructs normal phloem transport, which delays the delivery of nitrogen components to cells 
and disrupts the flow of photosynthates (Peterson and Higley, 1993).  
 Sap feeding insects such as aphids show a strong response to nitrogen levels in their 
host plants (Van Emden, 1996, Khan and Port, 2008) due to the scarcity of nitrogenous 
compounds in plant tissue, especially in phloem sap (Mattson, 1980). The large differences in 
nitrogen contents between animal and plant tissues may be the major reason that most 
herbivores are attracted by those host plants with higher nitrogen content (Southwood, 1973). 
Nitrogen level in the diet of herbivorous insects is the most important factor affecting their 
performance (Awmack and Leather, 2002) and nitrogen deficiency has been shown to lower 
the intrinsic rate of increase of aphids (Douglas, 1993) including Rhopalosiphum padi 
(Ponder et al., 2000). Increased nitrogen supply to wheat has been shown to increase the 
population density of cereal aphids in the laboratory (Dixon, 1987). Increased nitrogen inputs 
to plants can alter morphological characters of host plants (Simpson and Simpson, 1990) and 
this may increase herbivore performance such as their survival, growth and reproductive 
capacity (Barbour et al., 1991, Leather, 1994).   
 The use of resistant wheat varieties is an important part of the integrated pest 
management armoury used to control cereal aphids as they have the potential to decrease the 
populations of cereal aphids on wheat plants (Yu et al., 2006, Khan and Port, 2008). 
According to “Home-Grown Cereals Authority” (HGCA, 2009) wheat varieties are classified 
into four groups on basis of their milling and baking performance. From the HGCA 
recommended list of winter wheat 2008/09, one variety from each group was selected to 
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study its tolerance against cereal aphids. Protein contents, milling characteristics and baking 
performance decreases as the group number increases. I hypothesise that population density 
of aphids will be higher on the wheat plants with lower group numbers.  
 Although it is well known that increased inputs to crops affect the fecundity of 
herbivores, the influence of varying nitrogen fertilizer levels on different wheat cultivars on 
the fecundity of cereal aphids is not well established. There is also little information available 
on how varying fertilizer levels affect adult body weight, development rates and longevity of 
cereal aphids.  The objective of this study was to measure the effects of the selected wheat 
cultivars and varying nitrogen fertilizer on these four measures of population dynamics of the 
cereal aphids, R. padi and S. avenae. 
 
2.2 Material and Methods 
2.2.1 Culture preparation  
 S. avenae and R. padi were taken from the laboratory cultures of Imperial College 
London, Silwood Park Campus, initiated from individuals collected in naturally infested 
cereal field crops in Silwood Park, South-East England, U.K. (National Grid Reference 
41/944691; longitude 0°35′W, latitude 51°25′N; elevation approximately 68 m). Aphid 
cultures were maintained on wheat (Triticum aestivum), cv Soissons. Experiments were 
conducted in a temperature and light controlled walk-in growth chamber (L:D 16:8 h) 
20±2°C.  These are within the ranges normally experienced by both aphid and plant species. 
To avoid accidental aphid infestation all seedlings were covered with porous plastic bags.  
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2.2.2 Treatments  
Wheat plants were sown in soil, containing loam (20%), peat (40%) and sand (40%), 
with no added fertilizer. Nitrogen fertilizer was added in the form of ammonium nitrate 
NH4NO3 and its application was divided in four levels. Calculations to obtain the desired 
levels were based on an area of 0.008m². Recommended amount of first nitrogen fertilizer 
application (0.2g of NH4NO3 / plant) is calculated on basis of the recommendations 54 – 84 
kg ha
-1
 and 60 kg ha
-1 
given by Duffield et al. (1997a) and Wang et al. (2010a) respectively.  
For the four nitrogen applications, 0.0, 0.1, 0.2 and 0.4 gm of NH4NO3 was applied to each 
plant. Fertilizer applications were divided into two, over the course of two weeks. Using a 
pipette, all pots were watered with 20 ml deionised water that contained half of the amount of 
nitrogen (Zehnder and Hunter, 2008). Wheat cultivars selected for the experiment were 
Solstice (group 1), Einstein (group 2), Deben (group 3) and Alchemy (group 4) (HGCA, 
2009), obtained from a cereal seed distributor, “Nickerson” a part of group “Limagrain UK 
Ltd”, Lincolnshire. 
2.2.3 Experimental lay out  
 The experiment to assess aphid performance was started when the plants were at three 
leaves stage (growth stage 13) in R. padi and at the three tillers stage (growth stage 22) in S. 
avenae. The growth stages (Tottman and Makepeace, 1979) were selected to be comparable 
with earlier work on these species and to match the aphid‟s optimal requirements (Watt, 
1979, Leather and Dixon, 1981).  
2.2.4 Experimental procedure  
 One adult winged R. padi was released on each plant and allowed to reproduce 
overnight, with ten replicates of each nitrogen fertilizer application by wheat cultivars, 
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combination for a total of 160 experimental plants (4 wheat varieties × 4 nitrogen levels × 10 
replicates = 160 experimental plants). On the following day the adults were removed and the 
offspring were thinned to only one nymph per plant (Leather and Dixon, 1981). The nymphs 
were allowed to grow until maturity and then on the first day of their reproduction, weighed 
to the nearest microgram using a microbalance “Sartorius micro M3P”. The number of days 
taken by each aphid to start reproduction was also noted. Nymphs produced were counted 
and removed every day for 10 days. Aphids were kept on the plants covered with a 
transparent micro perforated bag (90×38 cm) until they died. The experiment on S. avenae 
was performed separately and the same process was repeated. 
 
2.2.5 Data analysis 
 ANCOVA was used to determine the effect of wheat varieties and fertilizer on the 
fecundity, adult weight, days to reach maturity and longevity of the both aphid species. 
Interactions between fertilizer levels and varieties were not significant in all tests and were 
removed. The data was assessed for normality and transformations were not required. The 
correlation between fecundity and adult body weight was tested using linear regression 
analysis. All statistical analyses were carried out using the statistical programme „R‟ version 
2.8.1 (Ihaka and Gentleman, 1996).  
 
2.3 Results  
2.3.1. Adult weight 
The highest maximum mean adult weight of S. avenae was 502.2 µg (SE = 4.48) on 
cv Solstice at the highest fertilizer treatment, while the lowest adult weight was 449.5 µg (SE 
39 
 
= 6.47) on cv Deben at the lowest fertilizer application (Fig. 2.1). Heaviest mean adult weight 
of R. padi was 398.0 µg (SE = 6.24) also on cv Solstice with the highest fertilizer treatment, 
while the lowest adult weight was 376.4 µg (SE = 7.90) on cv Alchemy at the lower fertilizer 
application (Fig. 2.2).   
 
 
Fig. 2.1 Adult body weight of S. avenae on four varieties of wheat at four N - treatment 
levels (mean ± SEM, n=10). Means followed by the same letters are not significantly 
different for each concentration (Tukey HSD, P ≤ 0.05). 
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Fig. 2.2 Adult body weight of R. padi on four varieties of wheat at four N - treatment levels 
(mean ± SEM, n=10). Means followed by the same letters are not significantly different for 
each concentration (Tukey HSD, P ≤ 0.05). 
 
 
 Fertilizer application had a positive effect on the adult weight of S. avenae (t = 6.21, P 
< 0.001) and R. padi (t = 2.50, P = 0.014). Adult weight of R. padi was minimum on cv 
Alchemy (t = -2.10, P = 0.037) while the adult weight of S. avenae, was minimum on cv 
Deben (t = -2.22, P = 0.028). 
2.3.2 Fecundity  
Number of offspring produced by S. avenae were lowest (29.10, SE = 0.43) when 
reared on cv Alchemy with the lowest fertilizer treatment, while the maximum number of 
offspring (31.2, SE = 0.51) were produced when reared on cv Einstein at the highest fertilizer 
level (Fig. 2.3). The maximum number of nymphs of R. padi (41.9, SE = 0.74) were 
produced on cv Solstice with the highest fertilizer treatment, while the number was minimum 
(36.9, SE = 0.53) on cv Deben at the lowest fertilizer treatment (Fig. 2.4).   
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 Fertilizer positively affected the number of nymphs produced by both aphid species 
(S. avenae t = 2.84, P = 0.005; R. padi t = 4.93, P < 0.001). Here also the results are similar to 
the adult weight i.e. as the fertilizer dose increased, so the fecundity increased. Fecundity of 
R. padi was lower on cv Deben and cv Alchemy (t = -8.07, P < 0.001 and t = -3.58, P < 
0.001) than when reared on the other two varieties, while fecundity of S. avenae was lowest 
on cv Alchemy (t = -2.72, P = 0.007).  
 
 
Fig. 2.3 Fecundity of S. avenae on four varieties of wheat at four N - treatment levels (mean 
± SEM, n=10). Means followed by the same letters are not significantly different for each 
concentration (Tukey HSD, P ≤ 0.05). 
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Fig. 2.4 Fecundity R. padi on four varieties of wheat at four N - treatment levels (mean ± 
SEM, n = 10). Means followed by the same letters are not significantly different for each 
concentration (Tukey HSD, P ≤ 0.05). 
 
2.3.3 Maturity rate  
Time to reach maturity in S. avenae was maximum (7.6 days, SE = 0.16) on cv 
Einstein at the lowest fertilizer treatment, while the minimum time to reach maturity (7.2 
days, SE = 0.20) was on cv Solstice (Fig. 2.5). Developmental time of R. padi was longest 
(6.4 days, SE = 0.16) on cv Deben at the lowest fertilizer treatment, while developmental 
time was shortest (5.6 days, SE = 0.16) on cv Einstein at the highest fertilizer treatment (Fig. 
2.6).  
Days to reach maturity of S. avenae showed no response to fertilizer treatment (t = - 
1.321, P = 0.188). Days to reach maturity in S. avenae were same on all varieties. The results 
were however, different in R. padi in which increasing fertilizer showed a negative effect on 
days to reach maturity (t = -2.754, P = 0.007). Maturity rate for R. padi was least on cv Deben 
(t = 2.063, P = 0.04).  
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Fig. 2.5 Days to reach maturity in S. avenae on four varieties of wheat at four N - treatment 
levels (mean ± SEM, n = 10). Means followed by the same letters are not significantly 
different for each concentration (Tukey HSD, P ≤ 0.05). 
 
 
 
 
Fig. 2.6 Days to maturity in R. padi on four varieties of wheat at four N - treatment levels (mean ± 
SEM, n = 10). Means followed by the same letters are not significantly different for each 
concentration (Tukey HSD, P ≤ 0.05). 
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2.3.4 Longevity 
Life span of S. avenae was shortest (34.4 days, SE = 0.27) on cv Deben at the lowest 
fertilizer treatment and longest (36.3 days, SE = 0.42) on cv Solstice at the highest fertilizer 
application (Fig. 2.7). Mean minimum longevity of R. padi (28.1 days, SE = 0.74) was on cv 
Alchemy with the lowest fertilizer treatment, while the maximum mean longevity was (30.8 
days, SE = 0.30) on cv Solstice variety at the higher fertilizer treatment (Fig. 2.8).  
 
 
Fig. 2.7 Longevity of S. avenae on four varieties of wheat at four N - treatment levels (mean 
± SEM, n = 10). Means followed by the same letters are not significantly different for each 
concentration (Tukey HSD, P ≤ 0.05). 
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Fig. 2.8 Longevity of R. padi on four varieties of wheat at four N - treatment levels (mean ± 
SEM, n = 10). Means followed by the same letters are not significantly different for each 
concentration (Tukey HSD, P ≤ 0.05). 
 
 
The longevity of both species increased as the fertilizer application increased (Fig. 2.7 
& 2.8). Nitrogen fertilizer application positively affected the longevity of S. avenae (t = 2.43, 
P = 0.016) and R. padi (t = 4.24, P < 0.001). Longevity of both aphid species was same on all 
varieties.    
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Correlation between adult weight and fecundity was positive in both species (S. avenae, 
r²=0.59 and R. padi, r²=0.52) (Fig. 2.9). 
 
  
  
 
             (a)              (b)   
Fig. 2.9 Correlation between adult weight and fecundity of S. avenae (a) (y = 0.0237x + 
19.396) (r²=0.59) and R. padi (b) (y = 0.0645x + 15.686) (r²=0.52).     
 
2.4 Discussion 
 Increased fertilizer inputs to crop plants have a positive effect on the growth and 
fecundity of S. avenae and R. padi. Fecundity and growth rate of herbivores is affected by the 
nutritional value of the host plant (Dixon, 1987). Cisneros and Godfrey (2001) believed that 
increased nitrogen in the plant nutrition can change the plant quality and also reduce the 
plant‟s resistance against aphids in cotton and similarly to this, Bentz et al. (1995b) found 
that the protein-nitrogen contents of the leaves linearly increased with the increase in level of 
nitrogen applied to plants.  
 Many studies performed in controlled conditions have revealed that nitrogen increases 
herbivore performance on cereals (Vereijken, 1979, Honek, 1991, Zhou and Carter, 1991, 
Thompson et al., 1993, Moon et al., 1995) and its deficiency adversely affects the intrinsic 
rate of increase (Ponder et al., 2000). But in contrast to these, Slosser et al. (1997) did not 
observe any effect of fertilizer on the number of aphids present in cotton fields. In another 
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study Khan and Port (2008) found that the intrinsic rate of increase of R. padi was higher on 
high nitrogen than low nitrogen input wheat plants. It was also observed that Asian corn borer 
(Ostrinia furnacalis G.) laid more eggs on maize leaves with high nitrogen fertilizer 
application (Chu and Horng, 1994). Similar to my results Honek and Martinkova (2004) 
found that the growth and population density of the cereal aphid, Metopolophium dirhodum 
(W.) is mainly dependent on the quality of the host plant, as many other environmental 
factors including nitrogen affected the growth of M. dirhodum (Duffield et al., 1997a). It is 
suggested that aphid populations could be greater under favourable conditions; reasons for 
the increased aphid population on healthy plants may be that the females assess the plant 
quality by probing the plant leaf tissues and then choose whether to stay or to leave (Lu et al., 
2007).  
 From the results of my experiment it is apparent that increased fertilizer treatment has 
a positive effect on the longevity of S. avenae and R. padi and on the days to maturity in R. 
padi. In contrast to my results, Moon et al. (1995) reported that varying nitrogen levels did 
not affect the duration of pre-reproductive period, reproductive period and longevity of the 
Russian wheat aphid, Diuraphis noxia (M.). Adult body weight and fecundity in both aphid 
species were positively correlated which is similar to many others studies that report aphid 
development and fecundity to be correlated with aphid weight (Dixon, 1991, Rosenheim et 
al., 1994) and body size (Ebert et al., 1998). In field conditions, supplemental irrigation 
during periods of low precipitation may be a useful management option to reduce the rate of 
increase of aphids as water stressed plants have increased the nutrient availability to aphids 
(Dinant et al., 2010). Archer et al. (1995) also reported that the density of Russian wheat 
aphid was relatively higher on plants with medium water stress than in well irrigated 
treatments. 
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 According to the seed distributer, the nitrogen requirement for each variety is slightly 
different, later in the season (GS 39 onwards) to raise grain protein, but up to growth stage 
23, fertilizer requirement for all varieties is the same. Adult body weight and fecundity of 
both aphid species was higher on cv Einstein and cv Solstice both of which are good milling 
varieties compared with Alchemy and Deben which are lower quality varieties (HGCA, 
2009). I can therefore conclude that higher nitrogen fertilizer application increases aphid 
population density by increasing longevity and fecundity and by decreasing days to reach 
maturity. Secondly, the aphids are healthier and more fecund when feeding on good milling 
and baking wheat varieties.  
 The results of the experiments conducted in controlled condition could be used to 
forecast the performance of cereal aphids in the field conditions and be included in decision 
making tools for their population management and control. 
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Chapter 3 
Tritrophic interactions between parasitoids and cereal aphids are 
mediated by nitrogen fertilizer 
3.1 Introduction 
Parasitoid wasps are one of the more important biological control agents of aphids 
(Rutledge et al., 2003), some species being specialized to one, but generally to several aphid 
host species (Sigsgaard, 2002). As a control agent, parasitoids are typically more specialised 
in their host selection than predators (Memmott et al., 2000). Aphid – parasitoid food webs 
are commonly used as ecological models and their interaction is considered a good example 
of a tritrophic interaction as the population density of parasitoids changes with changes in the 
population of insect pests and is also affected by the host plants of their insect hosts (Muller 
et al., 1999). 
Nitrogen fertilizers in the soil can affect parasitoid fitness (Kaneshiro and Johnson, 
1996) by altering the time required for a parasitoid to complete its life cycle and its 
population potential. Increased nitrogen inputs to the plants increase plant nutritional quality 
which in turn enhances the interactions between herbivorous insects and their host plants 
(Kohler and Wiley, 1992, Moon et al., 2000) and ultimately the behaviour of the parasitoids 
(Poppy, 1997). For the parasitoids, nutrition of the host insect is one of the important factors 
affecting the suitability of the host (Zohdy, 1976). Adult life span or fecundity of the 
parasitoids is influenced by its feeding resource because parasitoids developing in healthier 
hosts are fitter than other parasitoids (Landis et al., 2000). Plants can influence the efficiency 
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of parasitoids either by its preference or fitness in parasitizing the hosts, which directly 
depends upon the host‟s vigour and indirectly upon the quality of host plants (Turlings and 
Benrey, 1998). Nutritionally superior plants can positively affect parasitoid development 
(Vinson and Iwantsch, 1980) through the insect host. Parasitoid mummy weight was 
significantly lower when reared on aphids feeding on resistant plants than on susceptible ones 
(Reed et al., 1992), indicating that aphids living on non-preferred or low quality plants can 
ultimately reduce parasitoid fitness. Size and fecundity of female Aphidius rhopalosiphi (De 
Stefani Peres) is affected by the aphids feeding on the host plants due to nutritional variation 
(Van Emden, 1995). Although it reduces the chances of oviposition, parasitoids prefer to 
oviposit in higher quality hosts (Rosenheim, 1996) which means parasitoids prefer to produce 
fewer but fitter progeny rather than to be more fecund. Thus fertilizer application can 
increase parasitoid fitness (Landis et al., 2000). Under conventional farming systems, the 
effect of nitrogen fertilizer on the performance of parasitoids is not well studied. Garratt et al. 
(2010) investigated the effects of organic-based and conventional fertilizers on parasitoids 
fitness but with conflicting results. Bentz et al. (1996) found that fertilizer affected the host 
plant and then observed an increased number of eggs of the whitefly parasitoid Encarsia 
formosa (Gahan) at increasing amounts of fertilizers inputs. Krauss et al. (2007) studying 
cereal aphid parasitoids on ryegrass (Lolium perenne) (L.) at different fertilizer applications 
found that the number of parasitoid mummies was significantly and positively correlated with 
the amount of fertilizer.  
The effects of soil nutrients on the crop plants and their interaction with the 
herbivores feeding on them are comparatively well studied but the performance and fitness of 
the parasitoids and their interactions with the plant at varying nitrogen fertilizer need further 
investigation. The objective of this study is to measure how the performance of two cereal 
aphid parasitoids (Aphidius colemani and Aphidius rhopalosiphi) is affected by different soil 
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nitrogen fertility regimes. Correlations between fertilizer inputs and the parasitoid fitness (% 
parasitism, % emergence, developmental duration, female sex ratio and hind tibia length) 
were studied at varying level of nitrogen fertilisation.  
  
3.2 Material and Methods 
3.2.1 Culture preparation  
A laboratory colony of Sitobion avenae (F.) and Rhopalosiphum padi (L.) were 
initiated from individuals collected in naturally infested cereal field crops in Silwood Park, 
South-East England, U.K. (longitude 0°35′W; latitude 51°25′N) and were maintained on 
Triticum aestivum cv Solstice. Seeds of T. aestivum were obtained from a seed distributor 
company, “Nickerson” part of “Limagrain UK Ltd”, group, Lincolnshire. Aphidius 
rhopalosiphi and Aphidius colemani (V.) were taken from laboratory cultures at Silwood 
Park. Aphidius rhopalosiphi was reared on Rhopalosiphum padi while A. colemani was 
reared on Sitobion avenae for nearly ten generations before the start of experiment. 
Experiments were conducted in a temperature and light controlled walk-in growth chamber 
(LD 16:8 h) 20±2°C.  These conditions are within the ranges normally experienced by plants, 
aphids and parasitoid species. To avoid accidental aphid / parasitoid infestation, all plants 
were covered individually with a transparent micro perforated bag (90×38cm).  
3.2.2 Fertilizer treatments 
Wheat plants were individually sown in pots (containing soil composition of 1 loam: 
2 peat: 2 sand) and kept in cages. Nitrogen was applied in the form of Ammonium nitrate 
(NH4NO3). Recommended amount of nitrogen fertilizer application (0.2g of NH4NO3 / plant  
in a pot size of 0.008 m²) is calculated on the basis of the recommendation (130 kg ha
-1
) 
given by Duffield et al. (1997a). For the four nitrogen applications NH4NO3 was applied at 
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the rate of 0, 0.1, 0.2 and 0.4 g / plant respectively. Treatments were coded as T1, T2, T3 and 
T4 respectively. NH4NO3 was applied in two intervals over the course of 2 weeks. For each 
application, half of the amount of NH4NO3 by weight was dissolved in deionised water and 
20 ml solution was applied to each plant with a pipette. 
3.2.3 Experimental procedure 
The experiment to measure the fitness of A. rhopalosiphi on R. padi was started when 
the plants were at growth stage code 16, while when used in the experiment to determine the 
fitness of A. colemani on S. avenae, plants were at GS 22 (Tottman and Makepeace, 1979). 
Plant growth stages for the experiment were selected in view of the preferences of both aphid 
species (Watt, 1979, Leather and Dixon, 1981).  
One adult aphid was placed on each plant. The aphid was allowed to reproduce 
overnight, and the following day (when nymphs were seen) the adults were removed and the 
offspring were thinned to only one nymph per plant. If the adult aphid had not reproduced, it 
was kept on the plant and observed until it reproduced. The nymphs were allowed to grow on 
the plant for two weeks (Garratt et al., 2010). Before the release of parasitoids on to each 
plant (with ten replicates), the number of mixed instars aphids on each plant was counted 
(approximately 30-40 aphids per plant).  
Aphid mummies were taken randomly from the parasitoid rearing cages and were 
kept individually in Eppendorf tubes and their emergence was checked daily. After 
emergence, adult parasitoids were examined under a binocular microscope to determine their 
sex. Males and females from the emerged parasitoids were paired individually and kept in an 
Eppendorf tube with a cotton swab soaked in water : honey mixture (80 : 20) as a food. The 
next day, males were removed from the tubes and one female parasitoid was released on each 
plant with approximately 30-40 mixed instars aphids / plant, covered with aerated plastic 
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bags (90×38cm). The following day, the parasitoids were removed and the plants left with 
aphids on them, and observed daily. The numbers of mummies formed were counted and % 
parasitism was calculated for each fertilizer treatment. Each mummy was kept individually in 
an Eppendorf tube and a cotton swab soaked with a mixture of water and honey solution 
(80:20) (Wang et al., 2010b) was put in it when the mummies turned dark brown in colour 
(just prior to adult emergence). Cotton swabs were changed daily to avoid mould formation. 
Emerged parasitoids were kept in the same Eppendorf tube and observed daily until they 
died. The number of days taken from parasitoid release to the mummy formation, mummy 
formation to parasitoid emergence and then to its death was counted. From the emerged 
parasitoids, 30 adults were taken randomly from each treatment to measure the tibia length 
and sex ratio on each treatment. The sex ratio was determined and expressed as the 
proportion of males. Hind tibia length of parasitoids at each fertilizer treatment was measured 
under a binocular microscope.  
 
3.2.4 Statistical analysis 
 Percentage parasitism, % emergence, developmental time, adult longevity and sex 
ratio at varying fertilizer treatments were analysed using a generalised linear model with 
poisson errors as dispersion parameter for poisson family was taken to be 1. A simple 
regression analysis was used to measure the fertilizer effect on parasitoid hind tibia length. 
All statistical analyses were carried out using the statistical programme „R‟ version 2.8.1 
(Ihaka and Gentleman, 1996).  
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3.3 Results 
3.3.1 Percentage parasitism 
 The parasitism rate of both parasitoid species increased with the increase of fertilizer 
application (Fig. 3.1a) but the effect was not significant in either species (P = 0.55 in A. 
rhopalosiphi while P = 0.41 in A. colemani). Minimum % parasitim in A. rhopalosiphi 
(42.80% ± 1.78) and A. colemani was (47.1% ± 1.87) on the lowest fertilizer level and 
maximum % parasitism in A. rhopalosiphi (44.85% ± 1.25) and A. colemani (50.4% ± 2.56) 
was on the highest fertilizer application and on T3 respectively.   
 
 
3.3.2 Percentage emergence 
 Emergence of adult parasitoids from aphid mummies increased as the fertilizer 
application rate increased (Fig. 3.1b) but the effect was non significant in both species (P = 
0.78 for A. rhopalosiphi while P = 0.13 for A. colemani). Mean maximum % adult emergence 
in A. rhopalosiphi (83.4% ± 2.03) and A. colemani (85.1% ± 3.74) was at the highest 
fertilizer applications. Mean minimum % adult emergence in A. rhopalosiphi (82.5% ± 3.27) 
and A. colemani (79.7% ± 2.23) was at the lowest fertilizer application.   
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Fig. 3.1 (a) Percentage parasitism of Aphidius colemani & Aphidius rhopalosiphi, (b) % adult 
emergence from parasitoids mummies of S. avenae and R. padi on the plants at varying 
nitrogen fertilizer inputs (mean ± SEM, n = 10). 
 
3.3.3 Developmental duration 
 There was no significant effect of nitrogen on the developmental time (egg, larval and 
pupal stage duration) in male (P = 0.67; t = -0.43) and female (P = 0.93; t = 0.09) of A. 
colemani on S. avenae. Similarly the duration of male (P = 0.81; t = -0.23) and female (P = 
0.49; t = -0.68) A. rhopalosiphi in R. padi was also not significantly affected by the addition 
of nitrogen fertilizer. Overall there was a trend of decreasing developmental duration as the 
fertilizer inputs increased. Maximum duration (14.3 days ± 0.35) was of female A. 
rhopalosiphi on R. padi at the lowest fertilizer treatment, T1 while minimum developmental 
duration was of male A. rhopalosiphi (12.6 days ± 0.28) on the highest fertilizer treatment, 
T4 (Fig. 3.2).  
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Fig. 3.2 Developmental duration of A. colemani and A. rhopalosiphi in parasitoid mummies 
of S. avenae and R. padi respectively on the plants at varying nitrogen fertilizer inputs (mean 
± SEM, n = 10). 
 
 
3.3.4 Adult longevity 
 Adult longevity of male A. colemani on S. avenae and male A. rhopalosiphi on R. 
padi was significantly affected by the addition of nitrogen fertilizer (P = 0.020; t = 2.33 and P 
= 0.047; t = 1.987 respectively) but female longevity was unaffected (A. colemani P= 0.066; t 
= 1.84 and A. rhopalosiphi P = 0.13; t = 1.50, respectively). Adult longevity observed in 
female A. colemani was maximum (6.4 days ± 0.45) on S. avenae at the highest fertilizer 
level, while minimum longevity was observed for male A. rhopalosiphi (3.0 days ± 0.19) on 
R. padi at the lowest nitrogen fertilizer application (Fig. 3.3).  
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Fig. 3.3 Adult longevity of A. colemani and A. rhopalosiphi reared on S. avenae and R. padi 
respectively on the plants at varying nitrogen fertilizer inputs (mean ± SEM, n = 10).  
 
3.3.5 Length of hind Tibia  
 Increase in the nitrogen fertilizer inputs overall increased the length of hind tibia 
(surrogate measure of size of parasitoids) of parasitoids in both parasitoid species.  Length of 
hind tibia of female and male A. colemani reared on S. avenae was significantly (P= 0.001; t= 
3.41 and P = 0.010; t = 2.64, respectively) affected by the addition of nitrogen fertilizer. 
Similarly, increased nitrogen inputs significantly affected the hind tibia measurement of male 
and female A. rhopalosiphi on R. padi (P < 0.001; t = 3.60 and P = 0.002; t = 3.36, 
respectively). Hind tibia was longest in female A. rhopalosiphi (0.60 mm ±0.01) reared on R. 
padi at the higher nitrogen fertilizer applications, T3 and T4 while the shortest hind tibia were 
observed in male A. colemani (0.49 mm ± 0.01) reared on S. avenae at the lower nitrogen 
fertilizer applications, T1 and T2 (Fig. 3.4).    
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Fig. 3.4 Hind tibia length of A. colemani and A. rhopalosiphi reared on S. avenae and R. padi 
respectively on the plants at varying nitrogen fertilizer inputs (mean ± SEM, n = 10).  
 
 
3.3.6 Sex ratio 
 From each nitrogen fertilizer treatment, 30 emerged parasitized aphids of both species 
were selected randomly for further study, of which 132 were male and 108 were female. 
Male sex ratio in A. colemani was 54.0% while it was 57.0% in A. rhopalosiphi. Further 
statistical analysis showed that there was no significant difference of sex ratio in both 
parasitoids, A. colemani and A. rhopalosiphi (P = 0.46; t = 0.74 and   P = 0.14; t = 1.49) at 
varying nitrogen fertilizer.       
3.4 Discussion 
Fitness of the primary hosts was strongly dependent on the amount and quality of 
sources available to the plants (Khan and Port, 2008) and the fitness of the secondary hosts 
seemed to be dependent upon the enrichment of primary host.  
 The rate of aphid parasitism by A. rhopalosiphi and Diaeretiella rapae in the 
laboratories has been shown to be significantly increased by providing food with higher level 
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of sugar based carbohydrates as this increased their longevity and potential fecundity 
(Tylianakis et al., 2004). Krauss et al., (2007) observed more parasitoid mummies of cereal 
aphids on ryegrass, Lolium perenne (L.) with higher fertilizer application. But in another 
study, 58% of escapes of Myzus persicae (Sulzer) (Homoptera: Aphididae) from oviposition 
attacks of Aphelinus flavus (N.) (Hymenoptera: Aphelinidae) were either by running away or 
dropping off the plant (Jansson, 2003). Sometimes aphids effectively avoid the parasitoids by 
moving around quickly, hiding, and dropping off from the plants or secreting defensive 
chemicals (Godfray, 1994). Aphids feeding on non- preferred resistant cultivars are smaller in 
size, less vigorous and slower moving, so could be more easily parasitized by Aphidius spp. 
(Van Emden, 1995). In my experiment, aphids fed on plants with a higher level of nitrogen 
fertilizer application were more parasitized by A. rhopalosiphi and A. colemani because 
parasitoids prefer to oviposit in healthy hosts (Bezemer et al., 2005) but the parasitism was 
not significantly different probably because the aphids feeding on higher quality plants were 
more active in their movements and could successfully escape from the parasitoids attacking 
them. Parasitisation by parasitic wasps is selective and based on the instar and size of the host 
insect e.g. Cotesia plutellae preferred to parasitize second and third instar larvae of Plutella 
xylostella (Shi et al., 2002). Garratt et al. (2010) found that female parasitoids (Aphidius ervi) 
were larger than male parasitoids and expected to be preferentially laid in larger hosts but  
female sex ratios were unaffected by different sources of fertilizers. Bezemer et al. (2005) 
found that parasitoids prefer to parasitize larger aphids rather than smaller ones. 
 Sarfraz et al. (2009) found that the plant quality on which P. xylostella hosts were 
reared significantly affected the developmental duration of both female and male Diadegma 
insulare. Similarly, Microplitis mediator took longer to parasitize Helicoverpa armigera due 
to the slow growth rate of the host larvae in laboratory conditions (Liu et al., 2005). In my 
experiments developmental duration of parasitoids was reduced with the increase of fertilizer 
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inputs. Absence or presence of essential nutritional components within the host is important 
at the time of parasitoid oviposition as this may affect the development and performance of 
the parasitoid (Greenblatt and Barbosa, 1981). Harvey et al. (1995) demonstrated that the 
developmental time and mortality of the parasitoids was higher when reared in hosts that 
were fed on a low quality diet. Similar to my studies, the parasitoid, Diadegma insulare (C.) 
developed faster in hosts reared on plants at higher levels of soil fertility; the difference was 
nearly one day which could result in one additional generation per year in the tropics (Sarfraz 
et al., 2009). Appropriate use of fertilizer could be an important tool for biological control to 
reduce the population of P. xylostella in tropical regions.  
 Increased life span of parasitoids is very effective in decreasing insect pest 
populations especially when host densities are low (Rosenheim, 1996). Parasitoids are able to 
search for hosts longer and more effectively with their increased longevity, parasitising more 
aphids and ultimately achieving higher lifetime reproductive success. Increase in female 
longevity and % parasitism of the parasitoids influenced by the resource inputs indicates the 
importance of top-down community regulation by parasitoids (Polis and Strong, 1996). 
Increased level of fertilizer increased plant biomass and herbivore performance which affects 
the parasitoid performance by increasing fecundity, development rate and size (Krauss et al., 
2007). Similarly in my results, adult longevity of male A. colemani and A. rhopalosiphi were 
significantly affected by increased fertilizer inputs. In another study, A. rhopalosiphi and 
Diaeretiella rapae when reared on higher quality food were able to use these resources and 
increased their longevity and fecundity (Tylianakis et al., 2004).  When aphid nymphs are fed 
on varying plant fertilizers, they reserve the nutrients which are then used by the parasitoid 
larvae feeding in their body, so the emerging parasitoid will be fitter than others. Similar to 
my results, nutrients accumulated by parasitoid larvae (Aphidius ervi) feeding on different 
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quality hosts would not be the same and can have consequences on adult life, including 
higher potential of parasitism and longevity (Sequeira and Mackauer, 1992). 
 Hind tibia length is commonly used to measure the size of parasitoids and is 
considered to contribute positively in the performance and fitness of parasitoid in terms of 
fecundity (Lauziere et al., 2000, Garratt et al., 2010). Host selection, preference, fitness and 
size of parasitoids, is very often based on nutritional characteristics of the host (Godfray, 
1994). In my experiment the nitrogen fertilizer significantly increased the size of both 
parasitoid species. Similarly, fertilizer had a significant effect on the fitness of the parasitoid 
Chrysocharis oscinidis (A.) on the leaf miner Liriomyza trifolii (B.) (Kaneshiro and Johnson, 
1996). Similar to my studies, Sarfraz et al. (2009) showed that herbivores feeding on poor 
quality plants are weaker and smaller than those on higher quality plants. This may 
compromise their defensive system and eventually benefit the parasitoid. In another case 
study, the maximum population of parasitoids in wheat cultivars was about 10 days after peak 
population of the aphid and the mummy weight on susceptible cultivars were significantly 
higher than those on resistant ones, which means that there was a significant correlation 
between parasitoid and aphid populations (Cai et al., 2009).   
Similar to my findings, parasitoids were bigger on the plants with high nutritional 
values (Bezemer et al., 2005). Similar to my results, Garrat et al. (2010) also did not find any 
significant difference in female sex ratio at varying fertilizer levels.  
 Increased nitrogen supply to the field crops is a common practice to obtain higher 
yield but on the other hand it attracts the herbivores and increases their weight and body size 
(Aqueel and Leather, 2010). In this situation, the present study recommends the use of 
parasitoids as an excellent biological control strategy because the host plants at higher 
nitrogen fertilizer treatments positively affect the performance and fitness of parasitoids by 
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increasing the length of hind tibia (surrogate measure of size of parasitoids) and ultimately 
can control herbivores effectively. 
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Chapter 4 
Nitrogen fertilizer affects the predatory behaviour of Harmonia 
axyridis (Pallas) (Coleoptera: Coccinellidae) 
4.1 Introduction  
The multicoloured Asian ladybird beetle, Harmonia axyridis (Pallas) is considered a 
good biological control agent of soft bodied insects (Mogi, 1969, Choi and Kim, 1985, Hodek 
and Honěk, 1996) and has been widley used as a biological control agent of aphids in Asia, 
North and South America and Europe (Koch, 2003). Understanding the aphidiophagous 
behaviour of H. axyridis is important in evaluating its potential as a biological control agent 
of aphids. The search rates and handling times of predators vary with their development stage 
and it is thus important that the release stage of predators is considered as this may affect its 
efficiency (Varley et al., 1973, Hassell, 1978, Dixon, 2000). Ladybirds are released as egg 
masses, larvae or adults but the release stage depends upon the level of insect infestation in 
the field (Tedders and Schaefer, 1994, Trouve et al., 1997, Ferran et al., 1998, Kitagami and 
Ohkubo, 1998, Kuroda and Miura, 2003). 
Solomon (1949) first described the relationship between an individual predator‟s 
consumption rate and prey density, now termed the functional response. When the number of 
prey killed is plotted against the number of prey available, the resulting pattern can be 
classified as one of three types (Holling, 1965).  Some other types of functional response 
have also been reported: type IV (Luck, 1984) and type V (Sabelis, 1992). It is not always 
easy to determine the exact type of functional response, especially when the curve lies 
between Type II and III and suitable analysis that can determine the functional response in a 
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precise way is necessary. Knowing the exact type of functional response has great practical 
importance in estimating the performance of predatory insects (Trexler et al., 1988). 
Coccinellids usually show a type II functional response in both larval and adult stages (Mogi, 
1969, Sinha et al., 1982, Hodek et al., 1984, Ofuya and Akingbohungbe, 1988, Uygun and 
Atlihan, 2000). The type of functional response influences the predator-prey population 
dynamics and may play a role in the stability of predator-prey systems (Hassell, 1978, Taylor, 
1980). Harmonia axyridis, however, shows different responses to various prey species 
(Ahmad and Omkar, 2005). Thus, to have more knowledge about the predator-prey 
relationship, functional responses of each larval instar and the adult should be considered for 
each prey species. The functional response of a predator to changing densities of its prey is 
determined by the length of prey exposure to the predator, the rate of a successful predator 
search, and the prey handling time exhibited by the predator (Hassell et al., 1976). 
Enriched plant quality by the addition of fertilizer can result in an increase in 
herbivore density by increasing their fecundity (Victor and Reuben, 2000, Chen et al., 2008). 
Primary productivity is one of the major determinants of consumer abundance which in turn 
affects the abundance of predators (Wootton and Power, 1993, Price, 2002). Many studies 
have shown a positive correlation of aphid development and fecundity with aphid weight 
(Dixon, 1991, Rosenheim et al., 1994) and body size (Ebert et al., 1998). If we assume that 
the weight of aphids, feeding on plants with higher fertilizer treatments is more than aphids 
feeding on low nutrition plants (Garratt et al., 2010) then it can be hypothesized that H. 
axyridis will consume lower numbers of aphids feeding on highly fertilized plants. The 
successful rate of search (a‟) will be lower and handling time (Th) will be longer for H. 
axyridis attacking aphids as fertilisation of plants on which aphids feed is increased. Several 
studies have been conducted on the aphidiophagous activity of H. axyridis but no detailed 
study has been done on the functional response of all its stages to cereal aphids at different 
65 
 
nitrogen inputs. The objective of this study is to fully explore the functional response, as 
knowledge about the functional responses at each development stage on cereal aphids will 
provide important information for determining the stage of predator‟s release at specific 
nitrogen fertilizer levels. Secondly, the study determines how the predator‟s rate of 
successful search and handling time for the cereal aphids varies at varying fertilizer 
treatment.   
 
4.2 Material & Methods 
4.2.1 Aphids 
Sitobion avenae (F.) and Rhpalosiphum padi (L.) (Homoptera: Aphididae) were 
collected from the laboratories of Imperial College London, Silwood Park Campus, where 
these cereal aphid colonies were kept on Triticum aestivum at 20 ± 2 C°, 55 – 60% RH, and a 
photoperiod of 16:8 (L:D) h. Sitobion avenae were reared on wheat plants at stem elongation 
stage (growth stage 30-39) while R. padi were reared at tillering stage (growth stage 20-29) 
(Tottman and Makepeace, 1979).  
4.2.2 Coccinellids 
Harmonia axyridis were collected from laboratory cultures reared on the cereal 
aphids, R. padi and S. avenae in controlled temperature room (20 ± 2 C°). Sometimes, 
because of the limited availability of these cereal aphids, H. axyridis were also reared on 
artificial diet (Hong, 1996). Colonies in the stock culture were also replenished with field 
collected individuals. 
4.2.3 Nitrogen fertilizer treatments 
Wheat plants were sown individually in pots (containing soil composition; 1 loam: 2 
peat: 2 sand) and kept in cages. Recommended amount of nitrogen fertilizer application (0.2g 
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of NH4NO3 / plant) is calculated on basis of the recommendation (130 kg ha
-1
) given by 
Duffield et al. (1997a). For the four nitrogen applications NH4NO3 was applied at the rate of 
0, 0.1, 0.2 and 0.4 g / plant respectively. Fertilizer was applied in two stages; the first 
application was after two weeks and the second three weeks after germination. For each 
application, 50% of the pre-determined amount by weight of NH4NO3 was dissolved in 
deionised water and 15-20 ml solution was applied to each plant with a pipette.  After the first 
fertilizer application, aphids were released onto the plants.  
4.2.4 Functional response study  
          Prior to the functional response experiment H. axyridis adults and larvae were starved 
for 24 h in order to regulate their hunger level. Thereafter, they were transferred individually 
into 6 cm diameter Petri dishes (approximately 29 cm²) together with 1, 2, 4, 8, 16, 32, 64 
and 128 R. padi. The Petri dishes with ten replicates of each nitrogen fertilizer treatment by 
aphid density combination for a total of 320 Petri dishes (8 aphid densities × 4 nitrogen 
treatments × 10 replicates) were kept in an incubator at 20±2C°, 55–60% RH, and a 
photoperiod of 16:8 (L:D) h. After 24 hours, the number of aphids consumed by each 
developmental stage of H. axyridis on each nitrogen treatment was determined. The same 
process was repeated with each larval instar and adult of H. axyridis. The experiment for S. 
avenae was conducted separately. 
 
4.2.5 Data processing and analysis 
4.2.5.1 Aphid consumption 
The proportion of aphids killed by each growth stage of H. axyridis after 24 h at 
varying nitrogen fertilizer treatments were analysed by GLM with binary response variable 
using the statistical programme “R” version, 2.8.1 (Ihaka and Gentleman, 1996).  
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4.2.5.2 Functional response  
A predator‟s predation performance and rate of food consumption to increasing prey 
density is termed the “functional response” (Holling, 1959) which I determined using logistic 
regression analysis. Linear and quadratic values of binomial logistic regressions between 
proportion of prey killed (Na, number of aphids killed, / No, number of aphids offered) 
against the number of aphids offered (No) provides a precise way of determining the type of 
functional responses (Trexler et al., 1988). If the proportion killed initially increases with the 
number of prey, this is sufficient to identify a type III functional response (value of linear 
parameter + ve and quadratic - ve). If, on the other hand, the proportion killed declines 
monotonically with the number of prey, this is sufficient to identify a type II functional 
response (value of linear parameter - ve and quadratic + ve).  A logistic regression between 
proportion of prey consumed and prey density was performed to determine the shape (e.g., 
Type II or Type III) of functional response: 
 
------------ (1) 
 
Values of intercept, linear and quadratic parameters (P0, P1 and P2, respectively) were 
determined using logistic regression model of the statistical programme “R version, 2.8.1”. 
Significant negative or positive linear (P1) or quadratic (P2) coefficients from the regression 
indicate Type II or Type III functional response, respectively (Juliano, 2001). 
Analysis indicated that my data fitted the Type II response, so further analysis was restricted 
to the Type II response. The most widely used description of a Type II functional response of 
invertebrate predators to changes in prey density is the “Holling disc equation” (Holling, 
1959): 
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 --------- (2)     
Where  
Na is the number of prey killed  
No is initial prey density 
a‟ is the predator‟s rate of successful search 
Th is the handling time per prey item 
T is the length of time the predator and prey are exposed to one another (24 hours) 
After measuring the functional response curve, I used the Holling disc equation (for its 
simplicity and its good fit to my data) to determine the parameters, rate of successful search 
(a‟) and handling time (Th) for each growth stage at all nitrogen treatments. 
 
4.3 Results 
4.3.1 Aphid consumption 
The maximum number of R. padi (63.7; SE = 1.2) was consumed by adult H. axyridis 
on the lowest nitrogen fertilizer level (T1) when fed on the maximum prey densities, 128. 
While at the same maximum prey density offered (128), the minimum number of aphids 
(57.6; SE = 2.5) was consumed on highest nitrogen fertilizer application (T4). The greater the 
fertilizer level, the fewer aphids were consumed at each prey density.  Fertilizer treatment did 
not affect aphid consumption by 1
st
 and 2
nd
 instars but consumption was significantly affected 
in 3
rd
 (P < 0.001) and 4
th
 (P = 0.020) instars and adults (P < 0.001) of H. axyridis by the 
increased nitrogen fertilizer treatments on all prey densities (Table 4.1). The maximum 
number S. avenae (49.1; SE = 1.86) was consumed by adult H. axyridis on the lowest 
nitrogen fertilizer level (T1) when fed on the maximum prey densities of 128 while the 
minimum number of aphids consumed by adult H. axyridis was 44.1 (SE = 1.69) when 
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offered the highest density of prey (128) fed on the highest nitrogen level (T4). There was a 
significant effect of addition of nitrogen fertilizer on the prey consumed in all growth stages 
of H. axyridis (Table 4.1). Addition of nitrogen fertilizer is negatively correlated with the 
aphid consumption in both cereal aphids.  
 
Table 4.1 Influence of nitrogen fertilizer levels on consumption of R. padi and S. avenae for 
all stages of H. axyridis (n = 10). 
 
R. padi         
Instar             Estimate  Std. Error  t value  Pr (>|t|)     
1
st
 -0.053 0.052 -1.003 0.32 
2
nd
  -0.077 0.041 -1.88 0.06 
3
rd
     -0.104 0.022 -4.71 <0.001 
4
th
     -0.072 0.019 -2.91 0.02 
Adult     -0.062 0.013 -4.88 <0.001 
     S. avenae         
Instar             Estimate  Std. Error  t value  Pr (>|t|)     
1
st
     -0.107 0.039 -2.71 0.007 
2
nd
 -0.111 0.032 -3.45 0.001 
3
rd
    -0.059 0.023 -2.51 0.012 
4
th
     -0.079 0.019 -4.06 <0.001 
Adult    -0.069 0.013 -5.09 <0.001 
 
 
4.3.2 Functional response  
Negative linear and positive quadratic parameter estimates (Table 4.2) in all growth 
stages indicates that ladybird showed II type functional response on all fertilizer treatments. 
Number of prey consumed by all growth stages of H. axyrids initially rose quickly as the 
density of prey increased but then levelled off with further increase in prey density with 
decreasing trend at all fertilizer treatments (Fig. 4.1 & 4.2). There were however, fewer 
aphids consumed at higher nitrogen fertilizer treatments than lower ones. 
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Table 4.2 Estimates of coefficients in a binomial logistic regression between proportion of 
prey eaten and total prey offered of R. padi and S. avenae (n = 10).  
R. padi 
Instar  Parameters  Estimate  Std. Error  t value   Pr(>|t|)     
1
st
 Intercept (P0)    8.537e-01   1.355e-02   63.00     < 0.001 
 Linear (P1)           -2.308e-02   8.076e-04   -28.58     < 0.001 
 Quadratic (P2)     1.327e-04   6.282e-06    21.12     < 0.001 
2
nd
 Intercept (P0)   9.550e-01   1.145e-02    83.44     < 0.001 
 Linear (P1)         -2.410e-02   6.821e-04   -35.33     < 0.001 
Quadratic (P2)    1.350e-04   5.306e-06    25.44     < 0.001 
3
rd
 Intercept (P0)   9.399e-01   9.957e-03   94.397    < 0.001 
 Linear (P1)         -9.824e-03   5.934e-04  -16.554    < 0.001 
Quadratic (P2)    3.223e-05   4.616e-06    6.982   < 0.001 
4
th
 Intercept (P0)   9.219e-01   1.010e-02   91.321    < 0.001 
 Linear (P1)         -4.413e-03   6.017e-04   -7.335   < 0.001 
Quadratic (P2)    1.949e-06   4.680e-06    3.416      < 0.001     
Adult Intercept (P0)   9.682e-01   6.321e-03  153.183   < 0.001 
 Linear (P1)         -5.340e-03   3.767e-04  -14.174   < 0.001 
Quadratic (P2)    1.242e-05   2.930e-06    4.238   < 0.001 
 
 
S. avenae 
Instar  Parameters  Estimate  Std. Error  t value   Pr(>|t|)     
1
st
 Intercept (P0)    1.001e+00   1.606e-02    62.33     < 0.001 
 Linear (P1)          -7.383e-02   3.171e-03   -23.29     < 0.001 
Quadratic (P2)     1.459e-03   9.356e-05    15.59     < 0.001 
2
nd
 Intercept (P0)    1.073e+00   1.380e-02    77.72     < 0.001 
 Linear (P1)           -7.024e-02   2.726e-03   -25.77     < 0.001 
Quadratic (P2)       1.309e-03   8.044e-05    16.28     < 0.001 
3
rd
 Intercept (P0)    9.441e-01   9.922e-03    95.15     < 0.001 
 Linear (P1)           -1.319e-02   5.914e-04   -22.30     < 0.001 
Quadratic (P2)       5.543e-05   4.600e-06    12.05     < 0.001 
4
th
 Intercept (P0)    9.312e-01   9.158e-03  101.683   < 0.001 
 Linear (P1)          -6.890e-03   5.458e-04  -12.624   < 0.001 
Quadratic (P2)     1.772e-05   4.246e-06    4.173   < 0.001   
Adult Intercept (P0)    9.741e-01   6.421e-03  151.716   < 0.001 
 Linear (P1)       -7.111e-03   3.827e-04  -18.581    < 0.001 
Quadratic (P2)       1.878e-05   2.977e-06    6.308    < 0.001 
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4.3.3 Successful search rate (a’) and handling time (Th) 
Parameter estimates, rate of successful search and handling time for H. axyridis for 
both species of aphids were calculated using the Holling disc equation (1959). Handling time 
was longest in the first instar and decreased in the following instars of H. axyridis. In the first 
instar, the longest handling time (Th) (3.81 hours for R. padi and 4.59 hours for S. avenae) 
was on the highest nitrogen fertilizer treatment (T4) and shortest Th (3.43 hours for R. padi 
and 3.57 hours for S. avenae) was on the lowest fertilizer treatment (Table 4.3). Within each 
instar, handling time is longer on higher nitrogen fertilizer treatment as compared with the 
lower fertilizer application. In my studies minimum Th (0.20 hours for R. padi and 0.20 hours 
for S. avenae) is calculated for the adults when fed on aphids reared on plants with the lowest 
fertilizer application. Rate of successful search (a‟) within each instar and adult stage of H. 
axyridis is the same on all fertilizer treatments. I concluded that a‟ does not change at 
different fertilizer treatments within the same growth stage in both aphid species. Varying 
nitrogen fertilizer application only influenced the efficiency of H. axyridis by allowing it to 
spend more time on the aphids reared on highly fertilized plants. 
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Table 4.3 Parameters estimates for the logistic regression of Ne/N₀ for all stages of H. 
axyridis on aphid species, R. padi and S. avenae (n = 10). 
 
R. padi         S. avenae       
Instar T  Th     a'     r² Instar Treat  Th     a'     r² 
1st  T1 3.43 0.050 0.98 1st T1 3.57 0.050 0.98 
 
T2 3.64 0.050 0.98 
 
T2 4.03 0.050 0.99 
 
T3 3.69 0.050 0.99 
 
T3 4.29 0.050 0.98 
  T4 3.81 0.050 0.99 
 
T4 4.59 0.050 0.98 
2nd  T1 2.13 0.047 0.98 2nd T1 2.25 0.047 0.98 
 
T2 2.29 0.047 0.98 
 
T2 2.46 0.047 0.98 
 
T3 2.45 0.047 0.99 
 
T3 2.64 0.047 0.99 
  T4 2.55 0.047 0.99 
 
T4 2.89 0.047 0.99 
3rd  T1 0.48 0.042 0.99 3rd T1 0.56 0.042 0.99 
 
T2 0.66 0.042 0.99 
 
T2 0.73 0.042 0.99 
 
T3 0.68 0.042 0.99 
 
T3 0.75 0.042 0.99 
  T4 0.76 0.042 0.99 
 
T4 0.81 0.042 0.99 
4th  T1 0.32 0.042 0.99 4th T1 0.34 0.042 0.99 
 
T2 0.49 0.042 0.99 
 
T2 0.46 0.042 0.99 
 
T3 0.52 0.042 0.99 
 
T3 0.56 0.042 0.99 
  T4 0.59 0.042 0.99 
 
T4 0.60 0.042 0.99 
Adult T1 0.20 0.042 0.99 Adult T1 0.20 0.042 0.99 
 
T2 0.29 0.042 0.99 
 
T2 0.29 0.042 0.99 
 
T3 0.35 0.042 0.99 
 
T3 0.35 0.042 0.99 
  T4 0.39 0.042 0.99 
 
T4 0.39 0.042 0.99 
 
Attack rate (a‟) and handling time (Th) (in hours) with r2 values at p < 0.001 of H. axyridis feeding in 
Petri dishes on R. padi and S. avenae at various fertilizer treatments (T). 
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Fig. 4.1c 
                 
 
Fig. 4.1d 
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Fig. 4.1e 
 
Fig. 4.1 Functional response curves of Harmonia axyridis feeding on S. avenae at varying 
nitrogen fertilizer treatments (mean ± SEM, n = 10).  
(a) 1
st
 instar (b) 2
nd
 instar (c) 3
rd
 instar (d) 4
th
 instar (e) adult of H. axyridis. 
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Fig. 4.2a 
 
 
Fig. 4.2b 
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Fig. 4.2c 
 
 
Fig. 4.2d 
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Fig. 4.2e 
 
Fig. 4.2 Functional response curves of H. axyridis feeding on R. padi at varying nitrogen 
fertilizer treatments (mean ± SEM, n = 10).  
(a) 1
st
 instar (b) 2
nd
 instar (c) 3
rd
 instar (d) 4
th
 instar (e) adult of H. axyridis. 
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4.4 Discussion 
4.4.1 Aphid consumption at varying fertilizer levels 
Increased nitrogen inputs can alter morphological characters of host plants (Simpson 
and Simpson, 1990) and this may increase herbivore life history parameters such as survival, 
growth and reproductive capacity (Barbour et al., 1991, Leather, 1994). Higher nitrogen 
supply to the wheat plants significantly increased the adult body weight of S. avenae and R. 
padi (Aqueel and Leather, 2010). Similar to my findings many other studies have reported 
that aphid development and fecundity is positively correlated with aphid weight (Dixon, 
1991, Rosenheim et al., 1994) and body size (Ebert et al., 1998). Thus, in this experiment, 
body weight and body size of the specific prey density offered to H. axyridis were unlikely to 
be the same at the various fertilizer treatments. Harmonia axyridis consumed fewer aphids on 
higher fertilizer treatment to obtain the required biomass, while more aphids were eaten by H. 
axyridis on lower nitrogen fertilizer treatments to get the same level of nutrition. Similar to 
my findings, Couture et al. (2010) also observed that H. axyridis consumed 30% fewer aphids 
(Aphis nerii) reared on high nitrogen plants, compared with low nitrogen plants and suggests 
that this additional consumption is a compensation to overcome low host size. 
 
4.4.2 Functional response  
Understanding functional response of predators should improve understanding the 
effects of mass release of biological control agents (Waage and Greathead, 1988). In my 
studies, aphid densities of both cereal aphid species and nitrogen fertilizer play an important 
role in determining the number of aphids killed by H. axyridis. Aphid consumption by the 
first and second instar larvae of H. axyridis was not increased even at higher prey densities, 
due to its small size and longer handling time. Timms et al. (2008) did not use second instars 
larvae of Adalia bipunctata (L.) in their functional response experiment due to their 
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assumption that starvation in the second instars induces early moulting to the 3
rd
 instar but no 
such cases occurred in my experiment on H. axyridis and we had sufficient time to do the 
experiment on 2
nd
 and 3
rd
 instars larvae after 24h starvation. The 4
th
 instar larvae were very 
active in searching for prey at all nitrogen fertilizer treatments. Similar to this, 60–80% of 
total prey consumption by larvae occurred in the 4
th
 instar of coccinellids (Hodek and Honěk, 
1996). Over 24 h, the maximum prey consumption was by adults which accounted for 52% of 
the total R. padi and 38% of the total S. avenae on the highest offered prey density of 128. 
These proportions are slightly lower than those of H. axyridis preying on Myzus persicae 
(Sulzer) (Hodek and Honěk, 1996). Rhopalosiphum padi and S. avenae per day consumption 
by adults of H. axyridis was nearly the same as the fourth instars which indicates that the 
fourth instar and adult stages are most important for biological control, especially in highly 
aphid - infested crops. 
Coccinellids generally show a type II functional response, for example, for adult 
Cheilomenes lunata (Ofuya and Akingbohungbe, 1988), Scymnus hoffmanni (Ding-Xin, 
1986), Cheilomenes sulphurea (Hodek et al., 1984) and for larva of H. axyridis (Mogi, 1969). 
Similarly, in this study, consumption of cereal aphids by H. axyridis suggested a type II 
functional response at each nitrogen fertilizer treatment. Type II functional response curves 
have been reported in larval and adult stages of many ladybird species, for example, H. 
axyridis feeding on eggs and larvae of Danaus plexippus (Linnaus) (Koch, 2003), fourth 
instars and adults of Coleophora inaequalis (F.) feeding on Toxoptera citricida (K.) (Wang 
and Tsai, 2001), H. axyridis larvae feeding on Lipaphis erysimi (K.) (He et al., 1994), male 
adults of Cheilomenes sulphurea (O.) feeding on Aphis fabae (S.) (Hodek et al., 1984) and 
Coccinella septempunctata (L.) feeding on L. erysimi (Sinha et al., 1982). Similarly, adult 
and 4th instar Aphidecta obliterata exhibited type II functional responses on Elatobium 
abietinum reared on spruce sections (Timms et al., 2008). There are however, some 
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exceptions, for example, Coccinella septempunctata larvae was reported to exhibit III type 
functional response when preying on small cabbage aphids (Brevicoryne brassicae (L.)) 
(Hassell et al., 1977). Lou (1987) reported that H. axyridis showed a type I functional 
response while Hu et al. (1989) reported Type III for adult feeding on different aphid prey 
species (Rhopalosiphum prunifoliae and Cinara sp., respectively). Koch (2003) reported that 
data of Hu et al. (1989) did not particularly show the characteristics of sigmoidal shape, 
which is a typical shape needed for Type III response.  Although it may be more realistic to 
measure predation under field conditions (Gitonga et al., 2002, Lee and Kang, 2004), my 
study confined to a very small arena, Petri dish, under laboratory condition allows us to 
predict the efficiency of each developmental stage of H. axyridis at varying N-fertilizer 
treatments in field conditions.  
 
4.4.3 Rate of successful search and handling time (a’ & Th) 
The low predation rates observed in the first and second instars of H. axyridis are 
probably due to their longer prey handling times. This is understandable because the first and 
second instar larvae are small and their movements slow, and hence they need longer to 
search, handle and kill their prey. Although third instars showed reduced handling time, their 
maximum mean aphid consumption was much lower than at of the fourth instars. Low 
variation in prey consumption, high rate of successful search, and short handling time in 4
th
 
instars and adults indicate that these are the most voracious stages. Similar to my findings 
Jalali et al. (2010) found that predation of Adalia bipuncatata decreased with the significant 
increase of handling time, although the rate of successful search was not significantly 
affected at varying temperatures.  
We can conclude that the data provides information about the most effective 
development stages for the release of H. axyridis against the cereal aphids, R. padi and S. 
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avenae. We should be cautious about releasing first instars larvae (or egg masses) of H. 
axyridis, even in a small area with low aphid infestation because they do not have a tendency 
for successful predation. Use of third instar larvae may be cost effective at low aphid 
infestation and in such cases mass rearing to the 4
th
 instar and adult stages in a nursery is 
unnecessary. Harmonia axyridis at the fourth instars and adult stages could be effectively 
used to suppress R. padi and S. avenae even at high infestation levels because of the higher 
rate of successful search and shorter handling times. In addition the expenses associated with 
nursery rearing to older larval stages can also be avoided. Although H. axyridis is an 
excellent predator of many insect pests, we should exercise caution in its release, especially 
when pest numbers are low, as it can suppress the population of other predators in the field 
via intraguild interactions (Roy et al., 2006). I conclude that use of H. axyridis to control 
these cereal aphid species also depends upon the level of nitrogen fertilizer applied to the 
cereal crop, low fertilized crops will need lesser predators to control the smaller, less fecund 
aphids fed on the crop and unnecessary use of predators should be avoided. 
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Chapter 5 
Does varying plant nutrition affect the functional response of the 
green lacewing, Chrysoperla carnea (Neuroptera: Chrysopidae) 
feeding on cereal aphids? 
5.1 Introduction  
The performance of natural enemies is affected by the host plants of their prey, either 
directly or indirectly (Madadi et al., 2007, Timms et al., 2008). It has been shown that the 
plant‟s morphological characteristics can affect the survival and fecundity of the predators as 
well as their interactions with prey (Cortesero et al., 2000). 
Cereal aphids (Hemiptera: Aphididae) are the most important pests in winter wheat 
and winter barley in Central Europe (Carter et al., 1980, Basedow et al., 1994). Use of 
chemicals is a simple and rapid method to reduce insect pest populations but it often fails to 
provide suitable results because the pests can quickly develop resistance to some specific 
kind of chemicals (Cranham and Helle, 1985, Geoghiou, 1990). Secondly, chemical 
application to the crops also has harmful effects on beneficial insects in the crops and other 
organisms in the environment (Alzoubi and Cobanoglu, 2007). The addition of natural 
enemies of insect pests in integrated pest management programs will reduce the use of 
pesticides (Sarmento et al., 2007, Holland et al., 2008) which will save the other beneficial 
insects as well as providing environmental benefits. Due to its effectiveness as an integrated 
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pest management tool, farmers are showing a growing interest in biological control methods 
(Prokrym et al., 1998, Hassanpour et al., 2009).  
The green lacewing, Chrysoperla carnae (Neuroptera: Chrysopidae) is a voracious 
predator of aphids and other soft-bodied insects, including insect eggs, thrips, mealybugs, 
immature whiteflies, scale, mites and small caterpillars (Zelen`y, 1965, Mu et al., 1980, 
Tulisalo, 1984, Peric and Dimic, 1997, Su and Sheng, 1999, Principi and Canard, 1984). 
Therefore lacewings are regarded as effective biological control agents (Senior and McEwen, 
2001). Unlike coccinellids, the adults of green lacewings are not predaceous (Principi and 
Canard, 1984).  Instead, the adults feed on non-prey foodstuff such as honeydew, floral 
nectar, and pollen (Downes, 1974, Limburg and Rosenheim, 2001).  
Predators respond to the density of prey in many ways (Solomon, 1949, Holling, 
1959). The responses of a predator to the prey density can be termed as a functional response, 
which is the change in the number of prey consumed per predator in response to changing 
prey density (Holling, 1965). 
The functional response of a predator is a key factor in regulating the population 
dynamics of predator-prey systems. It describes the performance of the predator at different 
prey densities and can thus determine the efficiency of a predator in regulating prey 
populations (Murdoch and Oaten, 1975). This can be explained by plotting the number of 
prey killed against the number of prey available, which ecologists have delimited into three 
types (Holling, 1959). The functional response curves may show an increasing linear 
relationship (Type I) where the predator is able to consume the increasing density of prey by 
eating them in direct proportion, a decelerating curve (Type II) which means the number of 
prey consumed initially rises but then the level falls with further increase in the prey density, 
or a sigmoidal relationship (Type III) which resembles to type II but response of the predator 
to prey is depressed at low prey density. This can be further simplified in terms of density 
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dependence. That is, they result in a constant (I), decreasing (II) and increasing (III) rate of 
prey killing and yield density dependent, negatively density dependent and positively density 
dependent prey mortality, respectively. Ecologists normally face difficulties in determining 
functional responses when the curve lies between Type II and III. Therefore, appropriate 
analysis is needed, as it is of great practical relevance in estimating the efficacy of predatory 
insects (Trexler et al., 1988).  
Increasing plant nutritional quality by adding fertilizers leads to an increase in 
herbivore densities (Dixon, 1987) and this could ultimately change the functional and 
numerical responses of their predators. Experiments on resource limitation show that primary 
productivity is a major factor of consumer abundance and through that, the abundance of 
predators (Price, 2002).  Prey consumption, however, may also play an important role in 
influencing the outcome of enrichment (Leibold et al., 1997). No study has been done on the 
functional response of green lacewings at varying nitrogen fertilizer levels on cereal aphids.     
The objective of this study was to determine the functional response type and to estimate the 
parameters attack rate “a” and handling time “Th” of the three larval instars of C. carnea on 
3
rd
 instar nymphs of the cereal aphids (Rhopalosiphum padi and Sitobion avenae) fed on 
wheat plants at varying fertilizer applications. 
 
5.2 Material & Methods 
5.2.1 Rearing of stock cultures 
Chrypoperla carnae and the aphid colonies of the Sitobion avenae and 
Rhopalosiphum padi were initiated from individuals collected from naturally infested field 
crops in Silwood Park, South-East England, U.K. (National Grid Reference 41/944691; 
longitude 0°35′W, latitude 51°25′N; elevation approximately 68 m). Aphid cultures were 
maintained in the laboratory on wheat, Triticum aestivum (cv Soissons) obtained from NIAB 
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(National Institute of Agricultural Botany). Stock cultures of C. carnea were maintained on 
cereal aphids, R. padi and S. avenae in a controlled temperature room at 22±2 °C, 60–65% 
RH, and a photoperiod of 16:8 (L:D) h.  
5.2.2 Treatments 
The studies were conducted at four nitrogen fertilizer treatments. Wheat plants were 
sown in John Innes Cutting Compost (1 loam: 2 peat: 1 sand, with no added fertilizer) from 
John Innes Manufacturer‟s Association. Pots were individually kept in cages. Two weeks 
after their emergence, nitrogen fertilizer was applied in the form of granular ammonium 
nitrate NH4NO3 dissolved in water.  The amount of NH4NO3 was calculated based on an area 
of 0.005 m². For the four nitrogen treatment levels (T1, T2, T3 and T4) 0.0, 0.10, 0.20 and 
0.40 g / plant of NH4NO3 was applied respectively. The doses were divided into two 
applications over the course of 2 weeks. For each application, 50% of the appropriate amount 
of NH4NO3 was dissolved in deionised water and 20 ml solution was applied to each plant 
with a pipette (Zehnder and Hunter, 2008). After the first fertilizer irrigation, aphids were 
exposed to the plants to be reared as experimental animals.  
5.2.3 Effect of host plant nutrition on the functional response of Chrysoperla carnea 
Colonies of both aphid species were established on plants at the four nitrogen 
fertilizer levels. To study the functional response for each instar, C. carnea was taken from 
the stock culture, starved for 24 h in the incubator cabinets in order to standardise their 
hunger level. Thereafter, they were introduced individually into 8cm diameter Petri dishes 
together with 6 cm wheat leaf sections infested with 1, 2, 4, 8, 16, 32, 64, 128 aphids for 1
st
 
and 2
nd
 instars of C. carnea and 256 as well for the 3
rd
 instar. After 24 hours the number of 
aphids consumed in each nitrogen treatment was calculated.  
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5.2.4 Data analysis 
The numbers of aphids eaten by C. carnea after 24 h at different aphid densities and 
nitrogen fertilizer treatments were analysed separately by a generalised linear model with 
binary response variable using the statistical programme R 2.8.1 to test for significance 
between aphid consumption and nitrogen fertilizer treatments. To determine the type of 
functional response, Trexler et al., (1988) used logistic regressions of proportion of prey 
killed (number of prey eaten/number of prey offered) against the number of prey offered. (i.e. 
Na/N against N). Thus, logistic regressions of the proportion of aphids killed against number 
of aphids offered were used to determine the general shapes of the functional responses of the 
female adults of C. carnea at each fertilizer treatment. The functional response of all instars 
of C. carnea was determined using logistic regression analysis. 
 
The generally used description of a type II functional response of invertebrate predators to 
changes in prey density is the disc equation given by Holling, (1959): 
    
      
 ‟   
    ‟    
 --------- (1)   
 
Na = Number of prey consumed  
No = Prey offered 
a‟ = Attack rate of predator  
Th = Handling time per prey  
T = Length of time (predator and prey are exposed to one another, 24 hours) 
This equation is most commonly used to determine the functional response curve for 
its simplicity. Once the type of functional response was determined, the number of aphids 
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killed as a function of aphid density for each fertilizer treatment was plotted. Holling disc 
equation was used to estimate the parameters for type II functional responses.  
 
5.2.5 Effect of aphid host plant nutritional quality on Chrysoperla carnea  
Eggs of C. carnea were placed separately in larval rearing units made of a covered 6 
cm Petri dish. Eggs were checked daily for hatching. On the day of hatching, newly emerged 
lacewing larvae were provided fresh food. Aphid densities of 10, 30 and 60, reared on wheat 
plant at varying plant nutrition were offered daily to 1
st
, 2
nd
 and 3
rd
 instars of C. carnea 
respectively until pupation. The number of days to reach the pupal stage was recorded. Pupae 
were weighed using a microbalance “Sartorius micro M3P”. The lacewing pupae were left 
undisturbed until adult emergence. The number of days spent in the pupal stage was recorded 
for each individual. Adult lacewings were fed on a paste of yeast and sucrose (Morrison, 
1985). The food was prepared once a week and was kept frozen until use. 
 
Newly emerged adult males and females, were transferred in batches of 10 into a pre-
oviposition unit made of a transparent plastic container 20 cm high, 10 and 10 cm diameter at 
the top and bottom, respectively. The lid of the container had a 5 cm hole near the edge for 
aeration. A muslin cloth was pasted over the hole to prevent the escape of adults. A small 
piece of distilled-water-saturated cotton wad in a 3 cm Petri dish was placed on the floor of 
the container. Food was presented by placing 3 - 4 drops of the yeast and sucrose paste on a 
10 x 5 cm strip of brown paper, which was placed on the upper rim of the container with the 
food face down. The food and cardboard were changed every day to avoid mould 
development (Uddin et al., 2006). On the day eggs were first seen, females were separated 
and individual females were placed in egg laying units, which were similar to pre- egg laying 
units. Eggs laid inside egg laying units were counted. Collected eggs were kept for further 
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colony development. Adult lacewings were kept in the same cages and their life span 
recorded.  
 
5.3 Results 
5.3.1 Effect of host plant nutrition on the functional response of Chrysoperla carnea 
The number of R. padi and S. avenae consumed by the C. carnea larvae increased as 
their densities increased (Fig. 5.1 & 5.2). Logistic regression analysis between the proportion 
of the prey consumed against number of prey offered to all instars of C. carnea on all 
fertilizer applications showed a type II functional response (linear value –ve and quadratic 
value +ve in all cases, Table 5.1). Third instar C. carnea consumed the most R. padi (72±5.2) 
and S. avenae (61±4.4). Maximum consumption of first and second instars C. carnea was 
8±1.6 and 32±6.4 of R. padi and 7±0.8 and 31±4.2 of S. avenae respectively on the lowest 
fertilizer application (T1).   
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Table 5.1 Estimates of coefficients in a binomial logistic regression between proportion of 
prey eaten and total prey offered of R. padi and S. avenae (n = 10).  
R. padi         
Instar  Parameter       Estimate  Std. Error  t value  Pr(>|t|)    
1
st
   Linear            -2.18E-02 1.47E-03 -14.84 <0.001  
 
Quadratic       1.23E-04 1.14E-05 10.77 <0.001  
2
nd
  Linear          -9.62E-03 1.22E-03 -7.89 <0.001  
 
Quadratic       2.89E-05 9.49E-06 3.04 0.003 
3
rd
  Linear           -3.79E-03 2.63E-04 -14.43 <0.001  
  Quadratic 3.45E-06 1.04E-06 3.32 0.0011 
      S. avenae         
Instar  Parameter        Estimate  Std. Error  t value  Pr(>|t|)     
1
st
           Linear -2.02E-02 1.45E-03 -13.95 <0.001  
 
Quadratic 1.14E-04 1.13E-05 10.15 <0.001  
2
nd
  Linear            -1.30E-02 1.25E-03 -10.41 < 0.001 
 
Quadratic 5.77E-05 9.72E-06 5.94 <0.001   
3
rd
  Linear            -5.90E-03 3.62E-04 -16.29 <0.001  
  Quadratic 1.09E-05 1.43E-06 7.61 <0.001  
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Fig. 5.1a 
 
 
Fig. 5.1b 
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Fig. 5.1c   
Fig. 5.1 Functional response curves of first (a), second (b) and third (c) instars larvae of C. 
carnea against R. padi at varying fertilizer treatments. (T1=0.0 g, T2= 0.10 g, T3=0.20 g, 
T4=0.40 g of NH4NO3 supplied to the aphid rearing plants) (mean ± SEM, n = 10).  
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Fig. 5.2a 
 
 
Fig. 5.2b 
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Fig. 5.2c   
Fig. 5.2 Functional response curves of first (a), second (b) and third (c) instars larvae of C. 
carnea against S. avenae at varying fertilizer treatments. (T1=0.0 g, T2= 0.10 g, T3=0.20 g, 
T4=0.40 g of NH4NO3 supplied to the aphid rearing plants) (mean ± SEM, n = 10). 
 
As all instars of C. carnea showed the same type of functional response (II), therefore 
estimated values for the attack rates (a) and handling times (Th) can be compared by the 
linearization of the Holling disc equation. The values of attack rate (a) and handling time (Th) 
for both aphid species reared on each fertilizer level was determined by the method 
developed by Ahmad & Omkar (2005). This model was selected because it gave a good fit to 
the data (r
2
). As the prey densities offered to 3
rd
 instar larvae were different to 1
st
 and 2
nd
 
instars so the values of (a) and (Th) of 3
rd
 instar cannot be compared with 1
st
 and 2
nd
.  The 
attack rate of the first instar was nearly the same (0.038 /hours) on both aphid species in all 
fertilizer treatments showing that there was no effect of fertilizer treatment on attack rate 
(Table 5.2). Handling time of 1
st
 instar of C. carnea was higher than 2
nd
 instar in both 
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species. This is because of their small size and low predation ability. Handling time for first 
instar larvae of C. carnea on R. padi and S. avenae is lower (1.81h and 2.36h respectively) on 
T1 while it is higher for the T2, T3 and T4 (2.15 h, 2.33 h and 2.89 h for R. padi and 2.36 h, 
2.64 h and 3.43 h for S. avenae respectively). Similarly in the second and third instar 
handling time tends to increase as the fertilizer application increases. This is because that the 
green lacewings required more time to catch the healthier and larger aphids reared on higher 
fertilised plants. 
Table 5.2 Estimates of functional response parameters of C. carnea against R. padi and S. 
avenae using Holling disc equation. Attack rate (a) and handling time (Th) (n = 10). 
                            
R. padi T Y-int. Slope Th a' r² S. avenae  T Y-int Slope Th a' r² 
1st Instar T1 0.075 1.089 1.81 0.038 0.959 1st Instar T1 0.098 1.085 2.36 0.038 0.974 
 
T2 0.09 1.095 2.159 0.038 0.974 
 
T2 0.11 1.1 2.646 0.038 0.986 
 
T3 0.097 1.086 2.338 0.038 0.973 
 
T3 0.122 1.086 2.918 0.038 0.985 
  T4 0.121 1.088 2.896 0.038 0.986   T4 0.143 1.095 3.433 0.038 0.988 
2nd Instar T1 0.002 1.235 0.053 0.034 0.997 2nd Instar T1 0.007 1.207 0.16 0.035 0.994 
 
T2 0.003 1.217 0.069 0.034 0.994 
 
T2 0.01 1.203 0.233 0.035 0.993 
 
T3 0.004 1.236 0.072 0.034 0.997 
 
T3 0.014 1.224 0.343 0.034 0.998 
  T4 0.008 1.232 0.185 0.034 0.998   T4 0.019 1.219 0.452 0.034 0.997 
3rd Instar T1 0.005 0.994 0.11 0.042 0.999 3rd Instar T1 0.007 0.991 0.158 0.042 0.999 
 
T2 0.006 0.994 0.151 0.042 0.999 
 
T2 0.007 0.992 0.17 0.042 0.997 
 
T3 0.009 1.01 0.222 0.041 0.998 
 
T3 0.012 1.007 0.282 0.041 0.998 
  T4 0.01 1.009 0.245 0.041 0.998   T4 0.013 1.006 0.305 0.041 0.998 
              Attack rate (a‟) and handling time (Th) in hours with r
2
 values at p < 0.001 of C.carnea feeding in Petri dishes 
on R. padi and S. avenae at various fertilizer treatments (T). 
  
The number of aphids consumed was less when they were reared on plants from 
higher fertilizer levels than those aphids reared on plants in the lower fertilizer level 
treatments. The effect of fertilizer on the proportion of prey eaten against total prey offered 
was significant in R. padi for the first, second and third instars of C. carnea (P = 0.035, P < 
0.001 and P < 0.001 respectively). In the case of S. avenae addition of fertilizer did not 
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significantly affect the first instar (P = 0.087) but for the 2
nd
 and 3
rd
 instar it significantly 
affected prey consumption (P = 0.010 and P = 0.005, respectively) (Table 5.3).    
Table 5.3 Effect of fertilizer treatment on proportion of the prey consumed by C. Carnea (n 
= 10). 
     R. padi         
Instar             Estimate  Std. Error  t value  Pr (>|t|)     
1
st
  -0.174 0.081 -2.125 0.035 
2
nd
  -0.142 0.045 -3.169 0.001 
3
rd
  -0.061 0.018 -3.255 0.001 
     S. avenae         
Instar             Estimate  Std. Error  t value  Pr (>|t|)     
1
st
  -0.148 0.086 -1.718 0.087 
2
nd
  -0.135 0.051 -2.603 0.01 
3
rd
  -0.072 0.026 -2.789 0.005 
          
 
 
5.3.2 Effect of aphid host plant nutritional quality on Chrysoperla carnea  
Nitrogen fertilisation to the plants used for rearing of both aphid species strongly 
affected the larval duration (P = 0.02 & P = 0.003), pupal weight (P < 0.001 & P < 0.001), 
pupal duration (P = 0.008 & P = 0.177), fecundity (P < 0.001 & P = 0.003), male longevity (P 
= 0.002 & P < 0.001) and female longevity (P = 0.002 & P = 0.002) for R. padi and S. avenae 
respectively (Table 5.4). 
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Table 5.4 Effect of aphid host plant nutritional quality on the performance and life span 
Chrysoperla carnea (n = 10). 
R. padi    
  
       
Parameters   Estimate  Std. Error  t value  Pr (>|t|)   
Larvae duration -0.77 0.3 -2.56 0.02 
Pupa weight 0.37 0.058 6.4 <0.001  
Pupa duration -0.78 0.26 -2.98 0.008 
Fecundity  
 
16.45 2.67 6.17 <0.001  
Male longevity 2.68 0.713 3.75 0.001 
Female longevity 2.54 0.71 3.57 0.002 
      S. avenae            
Parameters   Estimate  Std. Error  t value  Pr (>|t|) 
Larval duration -1.26 0.36 -3.53 0.002 
Pupa weight   0.389 0.06 5.87 <0.001  
Pupa duration -0.62 0.44 -1.4 0.177 
Fecundity 
 
23.09 6.59 3.5 0.002 
Female longevity 3.18 0.77 4.14 <0.001  
Male longevity 4.53 1.24 3.64 0.001 
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Fig. 5.3c 
 
 
 
Fig. 5.3d 
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Fig. 5.3e 
 
Fig. 5.3e  
Fig. 5.3 Larval duration (a), pupal weight (b), pupal duration (c), fecundity (d), male 
longevity (e) and female longevity (f) of C. carnea reared on R. padi and S. avenae at varying 
fertilizer treatments (mean ± SEM, n = 10). 
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 5.4 Discussion  
Nitrogen fertilizer played a significant role in determining the number of aphids 
consumed by C. carnea.  Fewer aphids were consumed by the predator on those plant 
sections with the higher nitrogen dose. Increased nitrogen supply to the wheat plant has been 
shown to increase the development of cereal aphid populations in the laboratory (Dixon, 
1987), supporting the perception that single predator species may be able to show different 
responses depending on prey size and appearance (Hassell et al., 1977, Streams, 1994). A 
similar observation was made by Skirvin & Fenlon (2001), who showed that the number of 
spider mite eggs consumed by Phytoseiulus persimilis on different host plants became 
gradually more apparent with increasing prey densities. 
All larval instars of C. carnea showed the same Type II functional response to both 
aphid species on all fertilizer applications. In a study investigating the functional responses of 
C. carnea to a mite prey Hassanpour et al. (2009), however, found that first and second larval 
instars of C. carnea exhibited type II while the third larval instar showed a type III functional 
response to increasing prey densities in a density-dependent experiment. It is known that 
predators can show different functional responses against the same prey depending upon 
predator size, voracity, age, prey preference, walking speed and hunger level (Hassell et al., 
1977, Mills, 1982). 
The attack rate and handling time of different instars of C. carnea was different on 
aphids reared on varying fertilizer levels. Attack rate (0.038 / h) of the first instar larvae was 
the same on all fertilizer levels but it was less than that of the third instar (.042 / h) because of 
its smaller size and low predation capacity. Handling time (Th) of the larval instars of the 
lacewing was different at different fertilizer levels. Handling time increased (due to bigger 
aphids) as the fertilizer dose increased. Handling time of third instar larvae was much lower 
than first instar due to their greater voracity and bigger size. Different values of attack rate 
102 
 
and handling time show that different larval instars of the same predator cannot be supposed 
to respond similarly towards the same prey (Ahmad and Omkar, 2005). Similarly, thrips 
larvae fed on sweet pepper were smaller than larvae fed on cucumber and egg plant and 
predators might need less time to capture and eat the smaller prey, resulting in a reduction of 
handling time on sweet pepper (Madadi et al., 2007). Functional response experiments 
conducted under laboratory conditions in a small arena may, however, not fully explain the 
values and characteristics of predation under field conditions (Lee and Kang, 2004). 
The total number of prey consumed by C. carnea, its larval duration, pupal weight, 
pupal duration, fecundity, female longevity and male longevity were significantly affected by 
both species of aphid at altered fertilizer levels due to different prey sizes. Similarly, the type 
and amount of food fed to green lacewing larvae was shown to be one of the factors 
influencing the growth and development of C. carnea (Obrycki et al., 1989, Zheng et al., 
1993).  
The results of this study provide insights in how to decide more effectively which 
developmental stages are best for the release of C. carnea against R. padi and S. avenae. 
Firstly, we should be careful about releasing the eggs or first instar larvae of C. carnea 
because even in a small arena their predation rate was low, because of their high handling 
time and low attack rate. Use of the second instar larval stage may be more cost effective at 
low aphid infestation and mass rearing of the third instar stage would be unnecessary in these 
conditions.  Finally, it is recommended that an increased number of larvae should be released 
in highly fertilised crop plants to control the larger more nutritious aphids on those plants 
because the predator need a lower number of prey to achieve successful growth and 
development.   
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Chapter 6 
Intraguild interactions of a parasitoid and predator with 
entomopathogenic fungus; their tritrophic interaction with cereal 
aphids 
6.1 Introduction  
Entomopathogenic fungi are an important biological control agents which  affect the 
mortality of aphids in crops (Latge and Papierok, 1988). Nearly thirty species of 
entomopathogens are known to cause mycoses in natural aphid populations (Keller, 1987, 
Humber, 1991, Humber and Feng, 1991, Keller, 1991, Balazy, 1993, Milner, 1997). Many of 
these pathogens have a great potential as biological control agents and have the ability to 
control aphid populations in the field by developing strong epizootics (Latge and Papierok, 
1988). Because of their potential and increasing importance as an aphid control agent, 
intensive studies have been carried out to understand their disease distribution, epidemiology, 
and management in crops (Pell et al., 2001).  
 
6.1.1 Fungi as a control agent 
Entomopathogenic fungi have shown great potential to control invertebrate pests both 
in the field and under greenhouse conditions (Sunderland et al., 1992, Butt et al., 1999) and 
are viable alternatives to environmental damaging synthetic pesticides in agricultural and 
forest systems (Ahmed and Leather, 1994, Inglis et al., 2001). The possibility that aphids will 
ingest viruses, bacteria, or protozoa on plant surfaces is low because aphids feed on phloem 
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sap via extremely fine maxillary stylets that penetrate phloem sieve tubes (Dixon, 1973). 
Therefore, fungi are the most important microbial pathogens of aphids because they can 
infect aphids through the integument (Steinkraus, 2006). Aphids are often parthenogenetic for 
much of their life cycle, producing colonies made of genetically identical clones (Dixon, 
1973). Therefore, all the aphids in a colony may be relatively equal in susceptibility to a 
pathogen. Pathogen dynamics in insects such as Hymenoptera, Lepidoptera, Diptera and 
other holometabolous insects are different in which entomopathogens are usually restricted to 
either the larval or adult stage (Steinkraus, 2006). Aphids, on the other hand, are 
hemimetabolous and their nymphs live and feed in colonies alongside the adults, resulting in 
the entire population being susceptible to attack by fungal pathogens (Steinkraus, 2006). 
Aphid populations increase very rapidly under suitable conditions due to their 
parthenogenetic short life cycle, viviparity and the telescoping of generations (Dixon, 1973). 
Dense populations of aphid nymphs and adults often result, through which fungal pathogens 
can rapidly spread (Steinkraus, 2006). 
 
6.1.2 Infection and transmission 
Asexually produced fungal spores (conidia) are generally responsible for infection 
and are dispersed throughout the environment in which the insect hosts are present. When 
conidia infect a suitable host through its cuticle, they attach and germinate, initiating cascades 
of recognition and enzyme activation reactions both by the host and the fungal parasite 
(Samson et al., 1988). Infection and host death by entomophthorales occurs due to tissue 
deterioration (Humber, 1984). Once epizootics begin they progress very rapidly, resulting in 
almost all aphids within a field becoming infected during a 1–2 weeks period (Hollingsworth 
et al., 1995). Conidia are discharged and dispersed from a cavity in the abdomen of infected 
insects over a long period of time just after the initial infection and the infection does not 
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interfere with insect feeding and movement. Sometimes conidia of some entomophthoralean 
species are discharged before the death of the host insect (Pell et al., 2001). The fungus 
emerges from the dead host and sporulation or conidiogenesis usually occurs after the death 
of the insect host on the outside of the cadaver (Shah and Pell, 2003).  Conidia formation and 
dispersal varies between species because insect host range, infection levels, germination rates 
and temperature optima can vary between species and isolates (Sierotzki et al., 2000, Shaw et 
al., 2002). 
 
6.1.3 Alternate hosts 
Powell et al. (1986a) found that entomophthoralean fungi were more common at the 
edges of fields, since alternative aphid hosts were present and the weed canopy afforded a 
better environment for transmission than the wheat crop alone. Entomopathogenic fungi have 
a wide variety of alternate hosts, for example, in Switzerland, Pandora neoaphidis 
(Remaudière and Hennebert) and Conidiobolus obscurus (Hall & Dunn) were reported to 
multiply in economically unimportant aphid species in field cages adjacent to annual crops, 
then cause reductions in pest aphid populations in adjacent annual crops (Keller and Suter, 
1980).  
 
6.1.4 Intraguild interactions 
Competition between microorganisms and multicellular animals for nutrition and 
other requisites is persistent throughout nature (Hochberg and Lawton, 1990). Despite the 
struggle between the natural enemies, there is evidence for mechanisms that reduce 
antagonistic interaction between natural enemies of common insect hosts (Brooks, 1993).  
Several studies on fungal pathogens and parasitoids of homopterous insects have revealed the 
avoidance of fungal- infected hosts by ovipositing wasps and a degree of host immunity to 
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fungal infection induced by parasitoid larvae within the host (Brobyn et al., 1988, Fransen 
and Van Lenteren, 1994). A few laboratory studies have, however, shown that avoidance 
does not occur between all members of the aphidophagous guild. For example, Coccinella 
septempunctata (L.) and the hymenopteran parasitoid Aphidius ervi (H.) both entered aphid 
colonies containing the aphid-specific entomopathogenic fungus, P. neoaphidis  where they 
subsequently predated fungal cadavers or oviposited in aphids infected with the fungus 
(Baverstock, 2004, Baverstock et al., 2005).  Both entomopathogenic fungi and coccinellids 
simultaneously contributed to the decline of the population of A. gossypii in cotton fields 
(Simelane et al., 2008). Peak aphid population densities tend to coincide with Neozygites 
fresenii prevalence, a scenario that may leave C. septempunctata with few options: it has to 
feed on fungus-infected aphids, switch to non-aphid prey, or emigrate (in case of adults). 
Therefore, during an epizootic, the acceptability and suitability of the N. fresenii infected 
cotton aphid to C. septempunctata may not only influence predator development to maturity 
but also its subsequent seasonal population dynamics. If these species are to be encouraged to 
co-exist as part of conservation biological control programmes, the outcomes of intraguild 
interactions and their effect on the population size of both the pest and their natural enemies 
needs to be assessed. Mycopesticides with a wider host range have a little to no influence on 
natural enemies or beneficial organisms (Kim et al., 2007). The use of a mycopesticide may 
thus have a commercial advantage if it simultaneously controls various pests and / or plant 
diseases. 
 
6.1.5 Objectives  
I initiated an investigation to obtain more detailed information on the occurrence of 
entomophthorales in populations of cereal aphids reared at two nitrogen levels.  This study 
was also designed to address the inter guild interactions between an entomopathogenic 
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fungus, a parasitoid wasp and a ladybird. There is no information on the compatible 
utilization of Verticillium lecanii, Aphidius colemani and Harmonia axyridis for integrated 
pest management of cereal aphids. Accordingly, the study was planned to determine the type 
of relations between the entomopathogenic fungus, parasitoid wasp and its host, the cereal 
aphids, and to evaluate the impact of fungus treated cereal aphids on the predation rate of H. 
axyridis.  The objectives of study were to:  
1. Determine LC50 of entomopathogenic fungi (Verticillium lecanii) against cereal aphids at 
two nitrogen applications.  
2. Compare the predation rates of H. axyrids larvae and adults feeding on uninfected versus 
fungus infected cereal aphids.  
3. To determine the % parasitism, % emergence and female sex ratio of Aphidius colemani, 
when reared on a fungus infected cereal aphid as a host of the parasitoid wasp.  
 
6.2 Material & Methods 
6.2.1 Rearing of stock cultures 
Aphid colonies of Sitobion avenae and Rhopalosiphum padi were initiated from 
individuals collected from naturally infested cereal crops in Silwood Park, South-East 
England, U.K. Aphid cultures were maintained in the laboratory on wheat, Triticum aestivum 
(cv Soissons) obtained from NIAB (National Institute of Agricultural Botany). Stock cultures 
of cereal aphids, R. padi and S. avenae were reared in a controlled temperature room at 22 ± 
2 °C, 60 - 65 % R. H., and a photoperiod of 16:8 (L:D) h.  
 
6.2.2 Nitrogen Treatments 
The studies were conducted at two nitrogen fertilizer treatments. Wheat plants were 
sown in pots individually, containing soil composition of loam, peat and sand (1:2:2) with no 
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added fertilizer. Pots were kept individually in cages. Four weeks after their germination, 
nitrogen fertilizer was applied in the form of granular ammonium nitrate NH4NO3 dissolved 
in water.  The amount of NH4NO3 was calculated based on an area of 0.005 m². For the two 
nitrogen treatment levels (T1 and T2) 0.20 and 0.40 g / plant of NH4NO3 was applied 
respectively. The doses were divided into two applications over the course of 2 weeks. For 
each application, 50% of the amount of NH4NO3 was dissolved in 20 ml deionised water. 
Solution was applied to each plant with a pipette (Zehnder and Hunter, 2008). After the first 
fertilizer irrigation, aphids were exposed to the plants to be reared as experimental animals.  
 
6.2.3 Mycotal 
®
(Verticillium lecanii) 
Mycotal
®
 available in the form of wetable powder (“Koppert Biological Systems”) 
(Faria and Wraight, 2001) was used in the experiment as a source of entomopathogenic fungi 
(Verticillium lecanii) which has been reported causing natural epizootics in aphid and scale 
populations in tropical and sub-tropical regions and was the first fungus studied and 
developed for use as an inundative mycoinsecticide (Shah and Pell, 2003). It is used 
exclusively in glasshouses, where the ambient humidity can be modified to favour infection 
(Milner, 1997).  
 
6.2.4 Fungi application 
Mycotal
® 
was kept at 4
0
C until use, containing 10
10
 conidia/g and was used in all 
assays. Stock suspensions were prepared by mixing 2g wetable powder in 50 ml of deionzied 
water in 100 ml plastic tubes and the tubes were agitated on a stirrer (Model B212, J. Bibby 
Science Production Ltd.) for 15 min. The resulting suspensions were either used as prepared 
or diluted to produce lower concentrations. Applications at a rate of 2 g/L (2×10
10
 conidia) 
are recommended for low height crops (Faria and Wraight, 2001). The experiment was 
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conducted on the plants, sown individually in pot and hence the plants were less crowded 
than in the field. The V. lecanii application was thus increased to greater than the 
recommended dose and applied at 0.0, 2.5, 5 and 10 g/L. For each treatment, the calculated 
amount of V. lecanii dissolved in 20 ml deionzied water was sprayed once using “Mercury 
Pro Trigger Sprayer” provided by “Amtech UK” held above the aphids at a 90 degree angle 
with 10 replicates for each treatment. 
 
6.2.5 Experimental procedure 
The experiment to measure the efficacy of V. lecanii against the cereal aphids, R. padi 
and S. avenae was started when the plants were at growth stage 22 (five leaves unfolded from 
main shoot, three tillers) (Tottman and Makepeace, 1979). One adult aphid was placed on 
each plant. The aphid was allowed to reproduce overnight, and the following day (when 
nymphs were seen) the adults were removed and the offspring were thinned to only one 
nymph per plant. If the adult aphid had not reproduced, it was kept on the plant and observed 
until it reproduced. The nymphs were allowed to grow on the plant for two weeks (Garratt et 
al., 2010). Before the fungus was sprayed on to each plant, the number of mixed instar aphids 
on each plant was counted (approximately 30-40 aphids per plant). Every day following the 
V. lecanii application, the aphids were checked and newborn nymphs were removed. LT50 for 
V. lecanii against aphids is 6-7 days (Kim et al., 2007, 2008). Thus seven days after V. lecanii 
application, the number of dead aphids was counted. Only those aphids which showed 
symptoms of death by fungal attack were considered to be killed by V. lecanii.  
 
6.2.6 Parasitism, emergence and sex ration of parasitoids  
Aphid mummies were taken randomly from the parasitoid rearing cages and were 
kept individually in Eppendorf tubes and their emergence was checked daily. After 
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emergence, adult parasitoids were examined under a binocular microscope to determine their 
sex. Males and females from the emerged parasitoids were paired individually and kept in an 
Eppendorf tube with a cotton swab soaked in honey : water mixture (20 : 80) (Wang et al., 
2010b) as a food source. The next day males were removed from the tubes and the female 
parasitoids were ready to be released on to the aphids. The aphids were exposed to V. lecanii 
first and then 72 hours after spraying, parasitoids were released on to the plants with 
approximately 30 - 40 mixed instars aphids/ plant, covered with aerated plastic bags (90 × 
38cm). The following day, the parasitoids were removed and the plants left with aphids on 
them, and observed daily. The numbers of mummies formed were counted and % parasitism 
was calculated for V. lecanii infected and unaffected aphids. 
 
In the second part of the experiment to measure the % emergence and female sex ratio 
of parasitoids, parasitoids were released first on to the aphids and then treated with V. lecanii, 
72 hours after the parasitoid attack. Aphids were checked daily until mummy formation. Each 
mummy was kept individually in an Eppendorf tube and a cotton swab soaked with a mixture 
of honey and water solution (20 : 80) (Wang et al., 2010b) was put in it when the mummies 
turned dark brown in colour (just prior to adult emergence). Cotton swabs were changed daily 
to avoid mould formation. Emerged parasitoids were kept in the same Eppendorf tube and 
their sexes were checked under binocular microscope. The sex ratio was expressed as the 
proportion of females. Female sex ratio and % emergence of the parasitoids from V. lecanii 
infected and unaffected aphids were compared.   
 
6.2.7 Predation of Harmonia axyridis  
To study the predation competition for 3
rd
 and 4
th
 instar and adults of Harmonia 
axyridis, the individuals were kept hungry for 24 h in order to standardise their hunger. 
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Aphids were treated with V. lecanii (as described above). 72 hours after the V. lecanii spray, 
aphids began to show symptoms of fungus infection i.e., they were pale green and swollen 
(Steinkraus et al., 1993). Aphids at this stage of infection were used in the experiment 
because dead aphids in the later stages of infection were not recognized as viable prey by 
predators (Simelane et al., 2008). 
Twenty, third instar larvae of H. axridis at third instar growth stage were selected for 
the experiment. Ten larvae were enclosed separately in 10-cm Petri dishes containing freshly 
excised wheat leaves with aphids on them. Each larva was provided with 60 uninfected 
aphids, while the other ten larvae were given the same number of V. lecanii -infected aphids. 
The dishes were kept in an incubator at 20 ± 2C°, 60 – 65 % RH, and a photoperiod of 16: 8 
(L: D) h. The number of aphids consumed by each larva within the 24-h period was recorded. 
Aphid consumption for V. lecanii infected and uninfected aphids was compared. Fourth instar 
larvae and adults were provided with 90 aphids and the same procedure was repeated when 
comparing predation rates by 4
th
 instar and adults of H. axyridis on uninfected and V. lecanii 
- infected aphids.   
 
6.2.8 Statistical analysis 
Bioassay data used to estimate lethal concentration (LC) estimates was corrected for 
control mortality by removing the number of dead larvae in the control data from the 
corresponding number at each concentration and from the sample number at each 
concentration. Abbott‟s formula (Abbott, 1987) for correction for control mortality was not 
used to estimate the lethal dose as it is not compatible with analysis of generalised linear 
models with binomial errors used in R (Pickett, 2009). The LC50 bioassay data was analysed 
by specifying a generalised linear model with binomial errors (or quasibinomial if data was 
overdispersed) to estimate the slope and its standard error, with significance tested at the 5 % 
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level. A function called “dose.p” from the MASS library that used logit regession analysis 
calculated estimated LC50 values and their standard errors (se). Using these standard error 
values the 95 % Confidence Intervals [CI; (LC50 ± (1.96 x se))] were calculated. Pairwise 
comparisons of LC50 values were significant at the 1 % level if their respective 95 % CI‟s did 
not overlap (Crawley, 2007). The proportion of V. lecanii - infected and uninfected aphids 
killed by each growth stage of H. axyridis after 24h were analysed separately using GLM 
with binary response variable. Female sex ratio, % parasitism and % emergence of the 
parasitoid were compared using student t- test. All statistical analysis were carried out using 
the statistical programme “R” version, 2.8.1. 
 
6.3 Results 
6.3.1 Virulence of Mycotal
®
 against S. avenae and R. padi 
The LC50 values of Mycotal
®
 against S. avenae and R. padi are shown in Table 5.1. 
Increases in the dose of Mycotal
®
 linearly increased the proportion of aphids killed in both 
species. There was no significant difference in LC50 against the aphids reared at lower and 
higher nitrogen applications to wheat plants. LC50 values of Mycotal
® 
were slightly higher 
against S. avenae than R. padi. The value of LC50 was lower against R. padi at lower nitrogen 
treatment but the effect was not significant.   
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Table 5.1 LC50 values of Mycotal
®
 against R. padi and S. avenae at low and high nitrogen 
fertilizer levels 
a
 (n = 10).  
Specie  Nitrogen Slope ± SE [log 10 (dose)] LC50 (g/L) (95% FL)   
R. padi  Low  1.417 ± 0.106   4.751 (4.384 - 5.149)  
  High  1.203 ± 0.103     5.199 (4.742 - 5.670)  
S. avenae Low  1.706 ± 0.149   5.301 (4.829 - 5.805)  
  High  1.701 ± 0.145     5.120 (4.679 - 5.581)  
a
 The LC50 values were determined using the generalised linear models with binomial errors 
and experiments were carried out using whole plants of T. aestivum. 
 
 
 
6.3.2 Effect of V. lecanii infected aphids on performance of Aphidius colemani 
The number of parasitized aphids (both in S. avenae and R. padi) were lower in V. 
lecanii infected aphids than uninfected aphids when aphids were first treated with V. lecanii 
and then exposed to A. colemani (Fig. 5.1) the effect was non significant in both species (t = -
1.21, df = 13.48, p = 0.25 for S. avenae; t = -1.07, df = 16.80, p = 0.29 for R. padi). When the 
aphids were first exposed to the parasitoids and then treated with fungi, the emergence of 
adults from parasitized mummies was, however, significantly lower (Fig. 5.1, 5.2) in infected 
aphids than uninfected aphids (t = -3.09, df = 13.5, p = 0.008 for S. avenae; t = -4.67, df = 
14.53, p <0.001 for R. padi). Verticillium lecanii treatment on the parasitized aphids in both 
species significantly decreased the female sex ratio in the emerging adults (t = -2.51, df = 
17.95, p = 0.021 for S. avenae; t = -2.84, df = 17.96, p = 0.01 for R. padi).  
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Fig. 5.1 Performance of A. colemani on V. lecanii infected and uninfected S. avenae (mean ± 
SEM, n = 10). 
 
 
Fig. 5.2 Performance of A. colemani on V. lecanii infected and uninfected R. padi (mean ± 
SEM, n = 10). 
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6.3.3 Effect of V. lecanii treated aphids on predation of H. axyridis 
Fewer aphids of both species were consumed by H. axyridis when aphids were first 
treated with V. lecanii 72 hours before predation (Fig. 5.3, 5.4) but analysis (student t test) 
showed that the number of aphids of both species consumed by all stages of H. axyridis were 
non significant (Table 5.2) except for adult H. axyrids feeding on S. avenae.   
 
 
Table 5.2 Consumption of infected and uninfected cereal aphids by H. axyridis (compared by 
student t-test) (n = 10). 
 
Aphid H. Axyridis df t p 
S.avenae 3rd Instar 14.40 -2.04 0.06 
 
4th Instar 17.99 -1.07 0.30 
 
Adults 16.71 -2.35 0.03 
R. padi 3rd Instar 17.12 -2.03 0.05 
 
4th Instar 17.71 -0.74 0.47 
 Adults 17.69 -0.64 0.52 
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Fig. 5.3 Number of V. lecanii infected and uninfected S. avenae consumed by three growth 
stages of H. axyridis (mean ± SEM, n = 10). 
 
 
  
 
Fig. 5.4 Number of V. lecanii infected and uninfected R. padi consumed by three growth 
stages of H. axyridis (mean ± SEM, n = 10). 
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6.4 Discussion 
6.4.1 Effect of nitrogen fertilizer on LC50 of Mycotal 
In this study I investigated the LC50 of Mycotal 
® 
(Verticillium lecanii) against the 
cereal aphids, S. avenae and R. padi. The role of nitrogen fertilizer application to wheat 
plants on the LC50 of the product was also measured. Although Ferrari et al. (2004) found that 
aphid clones raised on different host-plant species varied in susceptibility to Pandora 
neoaphidis, I did not observe any difference in LC50 of Mycotal
®
 against R. padi and S. 
avenae reared on wheat plants at high or low level of nitrogen fertilizer application. In 
contrast to my study, lower S. avenue populations were recorded in treatments receiving 
nitrogen with significantly higher levels of entomopathogenic fungus infection (Duffield et 
al., 1997b) probably because the larger canopies recorded in nitrogen receiving treatments 
provided conditions which favoured infection by fungi, thereby limiting aphid population 
growth. The recommended dose of the product against aphids of low crops is 2g/L (Faria and 
Wraight, 2001, Koppert, 2009a) but the LC50 in my experiment is much higher than the 
recommended dose. This is probably because of the reason that I grew the plants individually 
in pots and the plant populations were not as dense as in the field conditions, which favours 
conidial germination by maintaining higher level of humidity. But the comparison of LC50 
between both aphid species at high and low nitrogen application in the CT room can predict 
the results in field conditions. 
 
6.4.2 Intraguild interactions 
Our results showed that % parasitism on both cereal aphid species was not affected by 
fungus treatment, but if aphids were sprayed after exposure to the parasitoids, adult 
emergence was reduced. Similarly, the presence of entomopathogenic fungus (P. neoaphidis) 
significantly reduced the number of A. ervi mummies indicating an antagonistic interaction 
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between the parasitoid and the fungus which represents  the negative effect of fungus on the 
parasitoid (Baverstock et al., 2009). The competitive advantage of the fungus over the 
parasitoid may have been a result of the abiotic conditions within the microcosm being 
optimised for the fungus (18
0
C, >90% relative humidity). Under these conditions P. 
neoaphidis was able to complete its lifecycle within five days whereas the parasitoid required 
approximately twelve days. In addition to this, it is possible that the decreased reproductive 
success of A. ervi may have been due to the parasitoid attempting to oviposit in aphids that 
were infected with P. neoaphidis. Indeed, previous studies have shown that A. ervi is unable 
to detect aphids infected with P. neoaphidis until sporulation was occurring (Baverstock et 
al., 2005). Similar to my findings, Brobyn et al. (1988) demonstrated that aphids treated with 
fungus 72 h before exposure to parasitoids were attacked less often and parasitized less than 
healthy aphids. For example, with respect to the Aphidius aleyrodis and Encarsia formosa 
association, the latter did not oviposit on nymphs that were infected 7 days before or earlier 
(Fransen and Van Lenteren, 1993). Although competition within a host can occur between a 
parasitoid and fungal pathogen, oviposition is required to take place several days prior to 
fungal infection in order for the parasitoid to outcompete the pathogen (Powell et al., 1986b). 
Female sex ratio and % emergence from the parasitoids aphids, sprayed with fungus 72 h 
after the parasitoid attack, was significantly lower on fungus infected than uninfected aphid 
hosts.  Conversely, spraying of the fungus four days after parasitization did not affect the 
survivorship and reproductive capacity of emerged parasitoids (Fransen and Van Lenteren, 
1994). 
Fungus-killed aphids however, appeared to desiccate rapidly or were soon attacked by 
saprophytes, after which they were avoided by both larvae and adults. Therefore, I used the 
fungus affected but livig aphids in my experiment as prey of H. axyridis. Similar to this, in 
another study, living infected aphids showing the symptoms of infection (pale green and 
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swollen) were used as food in the experiments (Simelane et al., 2008). Knowledge of possible 
lethal or sublethal concentration effects of entomopathogens on predators and parasitoids is 
crucial. Likewise, information is needed on the effects of entomopathogens on fecundity, 
longevity and survivorship of parasitoids and predators (Fatiha et al., 2008). 
 
6.4.3 Entomopathogenic fungi as IPM strategy 
The safety of entomopathogenic fungi towards humans, the environment and non-
target organisms is clearly an important criterion for consideration and each insect–fungus 
system must again be considered on a case by case basis. Current research however, suggests 
that there are minimal effects of entomopathogenic fungi on non-targets, and they offer a 
safer alternative for use in IPM than chemical insecticides (Pell et al., 2001, Shah and Pell, 
2003). Most entomopathogenic fungi are best used when total eradication of a pest is not 
required, but instead insect populations are controlled below an economic threshold, with 
some crop damage being acceptable. In addition, entomopathogenic fungi have an essential 
role in IPM if they can be used in conjunction with other strategies for sustainable pest 
control. Part of the relevance of tritrophic interactions to effective biocontrol will depend on 
whether the target insect is directly contacted by a fungal spray or acquires the spores 
naturally. Even if an insect can be sprayed directly, some individuals are likely to be missed, 
and immigration or reproduction will result in uninfected insects. For these to be infected and 
pest suppression to be continued, secondary transmission of the fungus is needed (Jaronski, 
2010). The market size for entomopathogens is, however,  still very small compared with 
other chemical insecticides due to their slow mode of action (usually > 7 days) and 
dependence upon favourable environmental conditions like humidity (Faria and Wraight, 
2001). Conversly, few laboratory and field studies have shown that the high ambient 
humidity conditions required for development of natural epizootics are not necessarily 
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required for fungal infection because many pathogens find sufficient moisture for 
germination and host penetration within the leaf or insect microclimate boundary layer 
(Milner, 1997, Faria and Wraight, 2001, Dromph et al., 2002). It is also important to note that 
fungal infections occur in non target arthropods as well as insects and / or species which are 
not pests of cultivated crops (Shah and Pell, 2003). The current recommendations for 
commercial Lecanicillium spp. are application with subsequent relative humidity of at least 
80 - 95% at the leaf surface, for 10–12 h per day for several days (Koppert, 2009a, b). Thus 
the dependence of infection on humidity depends upon the insect, and its ecology, especially 
in relation to the phylloplane and its microclimate. Oil based formulations can overcome this 
problem (Ibrahim et al., 1999).  Entomopathogenic fungi have considerable potential to 
become major components in sustainable IPM but successful take over of fungal biological 
control agents depends upon many scientific and economic factors and provided that there is 
continued investment in research and education. 
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Chapter 7 
Discussion 
7.1 Aphid preferences 
7.1.1 Effect of cultivars 
The current study has shown that plant cultivars and varying concentration of nitrogen 
fertilizer application can influence aphid incidence and population density, significant 
differences in aphid infestations were found between cabbage cultivars (Kalule and Wright, 
2002). Unlike some other reports however, (Mohamad and Van Emden, 1989) fertilizer 
treatment had only a minimal influence on aphid infestation in the experiment. Observations 
on aphid infestation in the early stages of plant growth seem to suggest that the different 
cultivar characteristics hindered aphid colonization and infestation (Kalule and Wright, 
2002). In my experiment, the aphids are healthier and more fecund when feeding on good 
milling and baking wheat varieties. Many other studies conducted on wheat varieties have 
shown that aphid infestation and population density depends upon type of wheat varieties 
(Ozder, 2002).  Ehsan ul & Van Emden  (2002) also observed the difference in the population 
density and growth of aphids on different wheat varieties.  
7.1.2 Effect of nitrogen 
Aphids tend to be quite responsive to plant nitrogen levels, with life history traits 
being favourably influenced by increased nitrogen levels in the plant (Van Emden, 1996, 
Nevo and Coll, 2001). Similar results for increased plant nitrogen levels following 
fertilization have been reported in a wide variety of plant species (Throop, 2005) including 
Asclepias congeners (Zehnder and Hunter, 2008). In my experiment, growth and fecundity of 
122 
 
S. avenae and R. padi showed a positive response to the increased fertilizer inputs to wheat 
plants. Similar to my findings, Dixon, (1987) also observed that fecundity and growth rate of 
herbivores is affected by the nutritional value of the host plant. Cisneros & Godfrey, (2001)  
also showed that the plant quality is positively affected by increased nitrogen application to 
the wheat plants, but, increased nutrition to the plants also reduced the plant‟s resistance 
against aphids in cotton. In my experiment, I found that adult body weight and fecundity of 
both aphid species were positively correlated which is similar to many other studies that 
report aphid development and fecundity to be correlated with aphid weight (Dixon, 1991, 
Rosenheim et al., 1994) and body size (Ebert et al., 1998). I can therefore conclude that 
higher nitrogen fertilizer application potentially increases aphid population density by 
increasing longevity and fecundity and by decreasing the time to reach maturity, and also the 
aphids on higher fertilised crop are healthier. Similarly to this, many other studies have found 
that the increase in level of nitrogen applied to plants increased nitrogen contents of the 
leaves (Bentz et al., 1995a, Couture et al., 2010). From the results of my experiment I 
concluded that increased fertilizer treatment has a positive effect on the longevity of S. 
avenae and R. padi and the affect was negative on the days to maturity in R. padi. Increase in 
longevity and decrease in the time to reach maturity had positive affect to increase the 
population density of aphids. In contrast to my results, increased nitrogen levels did not affect 
the duration to reach maturity, reproductive duration and on life of the Russian wheat aphid, 
Diuraphis noxia (M.) (Moon et al., 1995).  
7.2 Prey consumption by predators at varying nitrogen concentrations  
High nitrogen levels can result in up to 30% lower consumption of aphids by ladybird 
beetles compared with low-nitrogen plants (Couture et al., 2010) due to increased host plant 
nitrogen availability negatively affecting the number of aphids consumed by Harmonia 
axyridis by improving prey quality. Compensatory consumption is a common response to 
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overcome low host quality. For example, Chen et al. (2005) found increased consumption by 
the coccinellid predator Leis axyridis as the soluble protein concentrations of an aphid prey 
decreased. My report of increased consumption of low-quality aphids by the predators is 
probably a compensatory response to reduced nitrogen application to plants (Couture et al., 
2010) or probably because the aphids on lower nitrogen concentration were weaker and 
smaller in size. Additionally, recent research highlights an inequity between predatory and 
herbivorous insect nitrogen concentrations, suggesting that predators are nitrogen-limited 
(Fagan et al., 2002, Denno and Fagan, 2003) and prefer to eat the prey fed on higher nitrogen 
concentrations. My findings suggest that host-plant quality can influence the magnitude of 
predator nitrogen limitation by altering prey nutritional quality. Prey defence is an important 
component in the success of predator foraging strategies (Malcolm, 1992) but little is known 
about how prey nutritional and defensive quality interact to influence predator foraging (Chen 
et al., 2010). Recent studies examining the impact of host-plant quality on predator – prey 
interactions have considered only single components of prey quality that influence predator 
success in utilizing prey (Chen et al., 2005).  
 
7.2.1 Harmonia axyridis 
I concluded from my experiment that H. axyridis consumed fewer aphids on higher 
fertilizer treatment to obtain the required biomass, while more aphids were eaten by H. 
axyridis on lower nitrogen fertilizer treatments to get the same level of nutrition. In my 
studies, aphid densities of both cereal aphid species and nitrogen fertilizer played an 
important role in determining the number of aphids killed by H. axyridis. Similar to my 
findings, Couture et al. (2010) also observed that H. axyridis consumed 30% fewer aphids 
(Aphis nerii) reared on high nitrogen plants, compared with low nitrogen plants. I suggest that 
the additional aphids were consumed at lower nitrogen fertilizer treatment to satisfy the 
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starvation level. Concept of “functional response” of predators improves the understanding of 
mass release of biological control agents (Waage and Greathead, 1988). First and second 
instar larvae of H. axyridis did not consume more aphids even at higher prey densities, due to 
its small size. Smaller size was a limiting factor in its consumption which resulted in longer 
handling time and poor searching efficiency. Timms et al. (2008) showed that the 2
nd
 instar 
larvae of Adalia bipunctata (L.) moulted early to 3
rd
 instar due to 24 hours starvation period, 
so could not measure the functional response of all four larval stages of the larvae. I, 
however, got sufficient time to do the experiment on 2
nd
 and 3
rd
 instars larvae after 24h 
starvation and no such cases occurred in my experiment on H. axyridis. I found that the 
fourth instar larvae consumed aphids very efficiently, as in an experiment by Hodek & Honěk 
(1996) in which H. axyridis consumed 60 – 80% of total prey consumption. My results 
provide information about the most effective development stages for the release of H. 
axyridis against the cereal aphids, R. padi and S. avenae. In my experiment, although 
fertilizer addition decreased the number of aphids consumed by H. axyridis, there was no 
effect of fertilizer on the type of functional response. Harmonia axyridis showed type II 
functional response on all fertilizer treatments on both cereal aphid species. Similar to my 
findings, many studies report, type II functional response curves in both larval and adult 
stages of H. axyridis against a variety of insect pests and their eggs (Sinha et al., 1982, Hodek 
et al., 1984, He et al., 1994, Wang and Tsai, 2001, Koch et al., 2003).  
 
7.2.2 Chrysoperla carnea 
In my experiment, all larval instars of Green lacewing (Chrysoperla carnea) showed the 
same, type II functional response to both aphid species on all fertilizer applications. In 
contrast to my findings, Hassanpour et al. (2009) found that first and second larval instars of 
C. carnea exhibited type II while the third larval instar showed a type III functional response 
125 
 
(on mite prey) to increasing prey densities in a density-dependent experiment. But the same 
species of predators does not always show the same type of functional response, their 
response changes with change in predator size, its voracity, predator‟s age, prey preference, 
walking speed and hunger level (Hassell et al., 1977, Mills, 1982). At altered fertilizer levels, 
the total number of prey consumed by C. carnea, its larval duration, pupal weight, pupal 
duration, fecundity, female longevity and male longevity were significantly affected due to 
differences in the nutritional quality of prey. Similar to other studies, the type and amount of 
food fed to green lacewing larvae influenced the growth and development of C. carnea 
(Obrycki et al., 1989, Zheng et al., 1993).  From the results of my experiment, I can conclude 
that, we should be careful about releasing the eggs or first instar larvae of C. carnea because 
even in a small arena their predation rate was low. Use of the second instar larval stage may 
be more cost effective at low aphid infestation and mass rearing of the third instar stage 
would be unnecessary in these conditions.   
 
7.3 Parasitoids 
Parasitism, emergence and developmental duration of parasitoids were significantly 
same, when aphids were reared at varying fertilizer treatments. Similarly, nitrogen 
fertilisation did not affect parasitism of laboratory reared Spodoptera exigua caterpillars that 
were placed in the field and recovered after exposure to enemies (Chen and Ruberson, 2008). 
I found that the increased nitrogen fertilizer significantly increased the size of both parasitoid 
species. Similar to my results, the effect of fertilizer on the fitness of parasitoid (Chrysocharis 
oscinidis A.) on leaf miner (Liriomyza trifolii B.) reared on beans showed a strong tritrophic 
interaction (Kaneshiro and Johnson, 1996). In another experiment, similar to my findings, 
Sarfraz et al. (2009) observed that herbivores feeding on the poor quality plants are weaker 
and smaller which may restrain its defensive system and eventually benefited the parasitoid. 
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Cai et al. (2009) found a strong dependence of parasitoid population on aphid infestation and 
the mummy weights on susceptible cultivars were significantly higher than those in resistant 
ones which shows that there was a significant correlation between parasitoid and aphid 
populations. In an other experiment, weight of male parasitoids was lower than females, 
indicating that larger hosts were selected for female offspring (Bezemer et al., 2005). I 
concluded from the experiment that the nitrogen fertilizer increased the female proportions in 
both species but overall the sex ratio was not significantly affected by the increased fertilizer 
treatments. The present study showed that performance and fitness of A. colemani and A. 
rhopalosiphi is affected by the quality of hosts reared on the plants at varying nitrogen 
fertilizer treatments. 
 
7.4 Entomopathogenic fungi 
I investigated the LC50 of Mycotal
® 
(Verticillium lecanii) against the cereal aphids, S. 
avenae and R. padi. I did not observe any difference in LC50 of Mycotal
®
 against both aphid 
species reared on wheat plants at high and low level of nitrogen fertilizer application 
although, Ferrari et al. (2004) found that aphid clones raised on different host-plant species 
varied in susceptibility to Pandora neoaphidis. In the intraguild portion of this experiment, 
although the results were not significant, I found that H. axyridis consumed fewer fungus 
infected aphids than un-infected aphids because fungus infected aphids were swollen, after 
which they were avoided by both larvae and adults of H. axyridis. Similar to my findings, 
living infected aphids showed the symptoms of infection (pale green and swollen) and were 
used as food in the experiments and were avoided by the predator (Simelane et al., 2008). 
Entomopathogens can affect fecundity, longevity and survivorship of parasitoids and 
predators  during intraguild interactions (Fatiha et al., 2008). In my experiment, parasitism on 
both cereal aphid species was not affected by fungus treatment when aphids were infected 
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with fungus before parasitoid exposure, but emergence of adult parasitoids was reduced when 
aphids were treated 72 hours after exposure to the parasitoids. Therefore, I can assume that 
the parasitoid had a positive effect on the fungus, the fungus had a negative effect on the 
parasitoid (Baverstock et al., 2009). Similar to my findings, Brobyn et al. (1988) 
demonstrated that aphids treated with fungus 72 h before exposure to parasitoids were 
attacked less often and parasitized less than healthy aphids. For example, with respect to the 
Aphidius aleyrodis and Encarsia formosa association, the latter did not oviposit on nymphs 
that were infected 7 days before or earlier (Fransen and Van Lenteren, 1993) probably 
because of the reason that after seven days the nymphs started showing signs of death (Kim et 
al., 2007). Female sex ratio and % emergence from the fungus infected aphids was 
significantly lower than uninfected aphid hosts, when sprayed with fungus 72 h after the 
parasitoid attack. Conversely, spraying of the fungus four days after parasitization did not 
affect the survivorship and reproductive capacity of emerged parasitoids (Fransen and Van 
Lenteren, 1994).  
This research shows that the higher fertilizer treatments increased the body weight 
and fecundity of cereal aphids, which can in turn then influence higher trophic levels. This 
knowledge could be used to make more informed fertilizer application choices. The results of 
this study suggest that high wheat productivity can be best attained by an integrated approach 
involving natural enemies and reduction of nitrogen fertilizer.  Reducing the amount of 
applied nitrogen has the additional advantages of minimizing pollution with fertilizers and 
cutting production costs. These results show that the plant‟s nutritional quality, generally 
measured by nitrogen fertilizer application, can enhance herbivorous population. Plant 
quality, therefore, has the potential to influence predator - prey interactions. Although the 
consequences of these interactions within the context of herbivore biological control are 
poorly understood the investigations of the effects of plant quality on predator-prey 
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interactions would thus provide new insights that influence suppression of herbivore 
populations. I also suggest that when an intra-guild predator is the superior competitor for the 
shared prey, it will not be an advantage to use other natural enemies for the control of same 
prey. The results of my experiments conducted in controlled condition could be used to 
forecast the performance of the cereal aphids in the field conditions. I recommend the use of 
aphid natural enemies as an excellent biological control agents and healthy environment 
strategy, which should be included in decision making tools for their population management 
and control. 
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